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Abstract 
 
Background: 
There is a high incidence of hypothyroidism in Sudan, particularly in 
western and southern parts of the country and endemicity is still creeping 
further towards central Sudan. This increase in incidence is accompanied by an 
increasing demand for the expensive thyroid related hormones (RIA and 
ELISA) kits, with their requirement for highly trained personnel and 
sophisticated laboratories. Therefore, need arises for simple, rapid and cost-
effective on-site diagnostic alternatives for early detection of hypothyroidism 
under non-laboratory environments. 
 
Objectives of the study: 
To develop a simple, rapid, cheap and “on-site” diagnostic alternative to 
be used for early detection of hypothyroidism instead of the expensive 
laboratory-based immunoassay kits. The new design should be user friendly and 
doesn’t require trained manpower or sophisticated laboratory equipment. 
 
Research methodology: 
In this design locally produced anti-T4 antibodies were used to develop a 
rapid “dip and read” test for early detection of hypothyroidism. Nitrocellulose 
membrane was used as a solid phase carrier support. Anti-T4 antibodies were 
first affinity purified then used to coat the surface of nitrocellulose membrane. 
For the purpose of the visual detection of hypothyroidism a highly sensitive 
colour-developer solution was prepared using TMB as a chromogenic substrate.  
For this design to be sensitive enough to work semi-quantitatively, a bi-
layered antibody amplification system was adopted in order to improve 
sensitivity and widen the working range. The first layer of anti-globulins was 
immobilized hydrophobically to the surface of the membrane and the second 
layer of anti-T4 antibodies was immobilized immunologically to the first layer.  
In this design anti-HRP antibodies were incorporated into the test strip 
and used as a reference pad to set the cut-off point between hypothyroid and eu-
thyroid states and in so doing help to detect hypothyroidism. Therefore, the test 
strip became self-contained with no need to run cut-off tests in parallel with the 
unknown sample tests.  
 
Results: 
In this study a rapid immunochemical test strip which can be performed 
in 10 minutes was successfully developed. Upon application of the bi-layered 
antibody amplification system, the test sensitivity was brought down to levels, 
comparable to microtitre plate ELISAs and the working range was adequately 
improved. By inclusion of the reference standard as a “cut off” point for 
hypothyroidism the test became semi-quantitative and self-contained. 
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Analytical sensitivity of this membrane-based ECIA was found to be 30 
nmole/l. This level although relatively high, it is still sufficient for the purpose 
of a rapid semi-quantitative test and fall within the clinical range of interest for 
thyroxine. Results of diagnostic sensitivity and diagnostic specificity of this 
design were found to be 95% and 98.4% respectively which are comparable to 
those reported in the literature, for similar designs. 
Both accelerated aging studies and real time aging studies were used for 
the determination of the shelf-life of the finished product. Shelf-life was found 
to be more than one year which is comparable to other similar designs. 
An important development in the field of the membrane-based ECIAs 
achieved by this study is that the highly sensitive, but highly soluble HRP 
substrate “TMB chromogen” was rendered completely insoluble by the 
controlled in situ generation of H2O2. This development made the TMB 
chromogen a promising candidate for the “dip and read” tests developed in 
ECIA format. The advantage of the new precipitation method is that it depends 
on an inherent physical property of the precipitated product itself compared to 
previous methods that depend on the addition of an exogenous precipitant. 
Therefore, this newly developed precipitation method provides a “clean” and a 
practical alternative. 
The findings of the present study have serendipitously shown that 
nitrocellulose membrane which is commonly used as a carrier matrix in rapid 
tests can catalyze the oxidation of TMB under direct sun-light and in absence of 
oxidizing agents and biological or inorganic catalysts. Surprisingly, the highly 
soluble TMB reaction product behaved as extra-ordinarily insoluble during this 
photo-oxidation. The reason behind this extra-ordinary stability of TMB in 
aqueous media is not clear, but it may be a key to unveil the secrets, understand 
and develop means for stabilizing the TMB reaction products, so as to be used 
in immunohistochemistry and membrane-based rapid tests in any future studies. 
The findings of the present study have also shown that the nitrocellulose-
catalyzed photo-oxidation of TMB produces different insoluble colours in 
different pH solutions. These colours were found to be pH-dependent and each 
colour is characteristic for a particular pH range. This finding laid the basis for 
the development and use of a new light-dependent, universal pH indicator 
which can show the whole pH scale (from pH 1 to pH 14) in steps of 1 pH unit. 
 
Conclusion:   
A semi-quantitative rapid test that satisfies all the standard performance 
characteristics of such tests was successfully developed. The design is simple, 
user friendly and can be performed by untrained personnel under non-
laboratory environments. This cheap field test is promising to have wide 
applications in thyroid endemic areas. A universal pH indicator that covers the 
whole pH range was also developed as a by-product of the research work.  
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  ﺺﻠﺨﺴﺘﻤاﻟ
 
 :ﺗﻘﺪﻳﻢ
  ﺣﻴﺚ ﻳﻨﺘﺸﺮ اﻟﻤﺮض ﻓﻰ اﻟﺴﻮدانهﻨﺎﻟﻚ إﻧﺘﺸﺎر واﺳﻊ ﻟﻤﺮض ﺧﻤﻮل اﻟﻐﺪة اﻟﺪرﻗﻴﺔﻣﻦ اﻟﻤﻌﻠﻮم أن 
ﺑﺄن ﻓﻰ اﻵوﻧﺔ اﻷﺧﻴﺮة  آﻤﺎ ﺗﻼﺣﻆ  ﻋﻠﻰ وﺟﻪ اﻟﺨﺼﻮص ﻏﺮب وﺟﻨﻮب اﻟﺒﻼد ﻓﻰ ﻣﻨﻄﻘﺘﻰﺑﺼﻮرة وﺑﺎﺋﻴﺔ
ﻳﺪ ﻻﺑﺪ أن ﻳﺼﺎﺣﺒﻪ ﺗﺰاﻳﺪ ﻓﻰ اﻟﻄﻠﺐ  اﻟﻤﺘﺰاهﺬا اﻹﻧﺘﺸﺎرإن  . ﻧﺤﻮ أواﺳﻂ اﻟﺒﻼدﻪزﺣﻔ ﻗﺪ ﺑﺪأ اﻹﻧﺘﺸﺎر اﻟﻮﺑﺎﺋﻰ
 أﺳﻌﺎرهﺎ  إرﺗﻔﺎعﺑﺎﻟﺮﻏﻢ ﻣﻦﻬﺮﻣﻮﻧﺎت اﻟﻐﺪة اﻟﺪرﻗﻴﺔ واﻟﻬﺮﻣﻮﻧﺎت اﻟﻤﺮﺗﺒﻄﺔ ﺑﻬﺎ  اﻟﻜﻤﻰ ﻟﻘﻴﺎساﻟأﻃﻘﻢ ﻋﻠﻰ 
  إﻟﻰ اﻟﻤﻠﺤﺔﻣﻦ هﻨﺎ ﺑﺮزت اﻟﺤﺎﺟﺔ. ﻤﺎﺗﺘﻄﻠﺒﻪ هﺬﻩ اﻟﻜﻮاﺷﻒ ﻣﻦ آﻮادر ﻣﺪرﺑﺔ وﻣﻌﺎﻣﻞ ﻣﺘﻄﻮرةﺑﺎﻹﺿﺎﻓﺔ ﻟ
 . اﻟﻐﺪة اﻟﺪرﻗﻴﺔﺧﻤﻮلﻋﻦ وﺳﺮﻳﻌﺔ ﻟﻠﻜﺸﻒ اﻟﻤﺒﻜﺮﻳﺔ ﻣﺒﺴﻄﻪ إﻗﺘﺼﺎدﺣﻘﻠﻴﺔ  ﺑﺪاﺋﻞ ﺗﺸﺨﻴﺼﻴﺔ إﻳﺠﺎد
 
  :أهﺪاف اﻟﺪراﺳﺔ
 اﻟﻐﺪة ﺧﻤﻮل ﻟﻠﻜﺸﻒ اﻟﻔﻮرى ﻋﻦ آﻤﻰ، إﻗﺘﺼﺎدى وﺳﺮﻳﻊ –إﺧﺘﺒﺎر ﺣﻘﻠﻰ  ﺷﺒﻪ إﺳﺘﺤﺪاث وﺗﻄﻮﻳﺮ
ﺠﺐ أن ﻳﻜﻮن هﺬا اﻟﺘﺼﻤﻴﻢ اﻟﻤﺴﺘﺤﺪث ﻳ.  اﻟﺒﺎهﻈﺔﺔ ﻟﻴﺴﺘﺨﺪم ﺑﺪﻻ ﻋﻦ أﻃﻘﻢ اﻟﻘﻴﺎس اﻟﻤﻌﻤﻠﻴﺔ ذات اﻟﻜﻠﻔاﻟﺪرﻗﻴﺔ
  .ﻣﺘﻄﻮرةﻣﻌﻤﻠﻴﺔ رﺑﺔ وأﻳﻀﺎ ﻻ ﻳﺤﺘﺎج ﻷﺟﻬﺰة ﺤﺘﺎج ﻟﻜﻮادر ﻣﺪوﻻﻳﺳﻬﻞ اﻹﺳﺘﺨﺪام 
  
  :ﻣﻨﻬﺠﻴﺔ اﻟﺒﺤﺚ
ا اﻟﺘﺼﻤﻴﻢ ﺗﻢ إﺳﺘﺨﺪام اﻷﺟﺴﺎم اﻟﻤﻀﺎدة ﻟﻬﺮﻣﻮن اﻟﺜﻴﺮوآﺴﻴﻦ واﻟﻤﻨﺘﺠﺔ ﻣﺤﻠﻴﺎ ﻟﺘﻄﻮﻳﺮ إﺧﺘﺒﺎر ﻓﻰ هﺬ
 ﺗﻢ إﺳﺘﺨﺪام أﻏﺸﻴﺔ .ﻟﻠﻜﺸﻒ اﻟﻤﺒﻜﺮ ﻋﻦ ﺧﻤﻮل اﻟﻐﺪة اﻟﺪرﻗﻴﺔ" إﻏﻤﺲ وإﻗﺮاء"ﻨﻮع اﻟﺳﺮﻳﻊ ﻣﻦ 
 ﻋﻦ ﻃﺮﻳﻖ اﻹﻟﻔﺔ ﺗﻢ ﺗﻨﻘﻴﺔ اﻷﺟﺴﺎم اﻟﻤﻀﺎدة ﻟﻬﺮﻣﻮن اﻟﺜﻴﺮوآﺴﻴﻦ. ﺻﻠﺒﺔﺣﺎﻣﻠﺔ آﻮﺳﺎﺋﻂ اﻟﻨﻴﺘﺮوﺳﻴﻠﻴﻮﻟﻮز 
ﻷﺟﻞ اﻟﻜﺸﻒ ﻋﻦ ﺧﻤﻮل اﻟﻐﺪة اﻟﺪرﻗﻴﺔ و.  وﻣﻦ ﺛﻢ إﺳﺘﺨﺪﻣﺖ ﻟﻄﻼء أﺳﻄﺢ أﻏﺸﻴﺔ اﻟﻨﻴﺘﺮوﺳﻴﻠﻴﻮﻟﻮزاﻟﻤﻨﺎﻋﻴﺔ
 ﻟﺤﺴﺎﺳﻴﺔ ﻋﺎﻟﻰ ارﺑﺎﻋﻰ ﻣﻴﺜﻴﻞ اﻟﺒﻨﺬدﻳﻦﺗﻢ ﺗﺤﻀﻴﺮ ﻣﺤﻠﻮل اﻟﺘﻈﻬﻴﺮ اﻟﻠﻮﻧﻰ ﺑﻮاﺳﻄﺔ إﺳﺘﺨﺪام ﺎﻟﻌﻴﻦ اﻟﻤﺠﺮدة ﺑ
  .ﻟﻮﻧﻴﺔآﺮآﺎزة 
ﺗﻢ إﻋﺘﻤﺎد ﻧﻈﺎم وﻷﺟﻞ أن ﻳﻜﻮن هﺬا اﻟﺘﺼﻤﻴﻢ ﺣﺴﺎﺳﺎ ﺑﻤﺎ ﻓﻴﻪ اﻟﻜﻔﺎﻳﺔ ﻟﻴﻌﻤﻞ ﺑﺼﻮرة ﺷﺒﻪ آﻤﻴﺔ، 
 ﻟﻘﺪ ﺗﻢ ﺗﺜﺒﻴﺖ .اﻟﺘﻔﺨﻴﻢ اﻟﻤﺒﻨﻰ ﻋﻠﻰ اﻷﺟﺴﺎم اﻟﻤﻀﺎدة ﺛﻨﺎﺋﻴﺔ اﻟﻄﺒﻘﺎت ﻟﺰﻳﺎدة اﻟﺤﺴﺎﺳﻴﺔ وﺗﻮﺳﻌﺔ ﻧﻄﺎق اﻟﻌﻤﻞ
 رﺑﻂﻦ ﻃﺮﻳﻖ ﺧﺎﺻﻴﺔ اﻟﺘﻨﺎﻓﺮ اﻟﻤﺎﺋﻰ، ﺑﻴﺪ أﻧﻪ ﺗﻢ اﻟﻄﺒﻘﺔ اﻷوﻟﻰ ﻣﻦ اﻷﺟﺴﺎم اﻟﻤﻀﺎدة ﻋﻠﻰ اﻟﺴﻄﺢ اﻟﻐﺸﻮى ﻋ
  .ﻬﺮﻣﻮن اﻟﺜﻴﺮوآﺴﻴﻦ ﻟﻠﻄﺒﻘﺔ اﻷوﻟﻰ ﻋﻦ ﻃﺮﻳﻖ اﻹرﺗﺒﺎط اﻟﻤﻨﺎﻋﻰاﻟﻄﺒﻘﺔ اﻟﺜﺎﻧﻴﺔ ﻣﻦ اﻷﺟﺴﺎم اﻟﻤﻀﺎدة ﻟ
إدراج اﻷﺳﻄﺢ اﻟﻤﺮﺟﻌﻴﺔ اﻟﻤﺤﺘﻮﻳﺔ ﻋﻠﻰ اﻷﺟﺴﺎم اﻟﻤﻀﺎدة ﻟﻠﺨﻤﻴﺮة اﻟﻤﺆآﺴﺪة ﻓﻰ هﺬا اﻟﺘﺼﻤﻴﻢ  ﺗﻢ
اﻟﺤﺪ اﻟﻄﺒﻴﻌﻰ اﻷدﻧﻰ ﻠﺪﻻﻟﺔ ﻋﻠﻰ ﻟﺣﺪى  آﻤﺆﺷﺮﺖﺳﺘﺨﺪﻣ وإاﻹﺧﺘﺒﺎرﻟﺜﻨﺎﺋﻰ أوآﺴﻴﺪ اﻟﻬﻴﺪروﺟﻴﻦ ﻓﻰ أﺷﺮﻃﺔ 
اﻟﻤﺒﻜﺮﻋﻠﻰ ﺣﺎﻻت  ﺧﻤﻮل اﻟﻐﺪة اﻟﻔﻮرى و اﻟﺘﻌﺮف ﻓﻘﺪ أﺿﺤﻰ ﻣﻦ اﻟﻤﻤﻜﻦﻟﻬﺮﻣﻮن اﻟﺜﻴﺮوآﺴﻴﻦ وﺑﺎﻟﺘﺎﻟﻰ 
 ﻣﺘﻜﺎﻣﻼ ذاﺗﻴﺎ دون اﻟﺤﺎﺟﺔ ﻹﺟﺮاء إﺧﺘﺒﺎرات ﻗﻴﺎﺳﻴﺔ ﻣﺘﺰاﻣﻨﺔ ﻣﻊ ﺻﺎرﻗﺪ وﺑﺬﻟﻚ ﻓﺈن اﻹﺧﺘﺒﺎر . اﻟﺪرﻗﻴﺔ
  .ﺎت ﻣﺠﻬﻮﻟﺔ اﻟﺘﺮاآﻴﺰإﺧﺘﺒﺎرات اﻟﻌﻴﻨ
  
 -:اﻟﻨﺘﺎﺋﺞ
اء  ﻳﻤﻜﻦ إﺟﺮﺳﺮﻳﻊ ﺣﻴﺚو ﻴﻤﻴﺎﺋﻰآ- ﺑﻨﺠﺎح ﺗﻄﻮﻳﺮ ﺷﺮﻳﻂ إﺧﺘﺒﺎر ﻣﻨﺎﻋﻰوﻟﻘﺪ ﺗﻢ ﻓﻰ هﺬﻩ اﻟﺪراﺳﺔ 
أﻧﻪ ﺑﺘﻄﺒﻴﻖ ﻧﻈﺎم اﻟﺘﻔﺨﻴﻢ ﺛﻨﺎﺋﻰ ﻃﺒﻘﺎت اﻷﺟﺴﺎم اﻟﻤﻀﺎدة أﻣﻜﻦ   وﺟﺪﻟﻘﺪ.  ﻓﻘﻂ ﺧﻼل ﻋﺸﺮ دﻗﺎﺋﻖاﻹﺧﺘﺒﺎر
، آﻤﺎ أﻧﻪ أﻣﻜﻦ ﺗﻮﺳﻴﻊ ﻧﻄﺎق ﻢ اﻟﻘﻴﺎس اﻟﻤﻨﺎﻋﻴﺔ اﻟﻜﻤﻴﺔ ﻣﻦ ﻧﻈﻗﺮﻳﺒﺔ ﺟﺪال ﺑﺤﺴﺎﺳﻴﺔ اﻹﺧﺘﺒﺎر ﻟﻤﺴﺘﻮﻳﺎت ﺻﻮاﻟﻮ
ﻘﺪ أﺻﺒﺢ ﻓ  ﺿﻤﻦ ﺷﺮﻳﻂ اﻹﺧﺘﺒﺎراﻟﺤﺪي اﻟﻤﺮﺟﻌﻲ  اﻟﺴﻄﺢﺈدراجﻟﻘﺪ وﺟﺪ أﻧﻪ ﺑ .ﻋﻤﻞ اﻹﺧﺘﺒﺎر ﺑﺸﻜﻞ ﻣﺮض
 . ذاﺗﻴﺎوﻣﺘﻜﺎﻣﻞ آﻤﻰ-ﺧﺘﺒﺎر ﺷﺒﻪاﻹ
اﻟﻐﺸﻮى واﻟﻤﺒﻨﻰ ﻋﻠﻰ اﻟﺤﺎﻣﻞ  ﻬﺬا اﻹﺧﺘﺒﺎراﻟﻤﻨﺎﻋﻰ اﻟﺨﻤﻴﺮى اﻟﻤﻮﺟﻪاﻟﺘﺤﻠﻴﻠﻴﺔ ﻟﺤﺴﺎﺳﻴﺔ اﻟﻟﻘﺪ وﺟﺪ أن 
 هﺬا ﻟﻐﺮض ﻴﺎ آﺎﻓﻻﻳﺰال ﻳﺒﺪو ﻋﺎﻟﻴﺎ ﻧﺴﺒﻴﺎ إﻻ أﻧﻪ وﺑﺎﻟﺮﻏﻢ ﻣﻦ إﻧﻪ هﺬا اﻟﻤﺴﺘﻮى. ﻟﺘﺮ/ ﻧﺎﻧﻮﻣﻮل03ﺗﺒﻠﻎ 
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ﻟﻘﺪ وﺟﺪ أن . اﻟﻤﺴﺘﻮى اﻟﻬﺎم ﺳﺮﻳﺮﻳﺎ ﺑﺎﻟﻨﺴﺒﺔ ﻟﻬﺮﻣﻮن اﻟﺜﻴﺮوآﺴﻴﻦ ﻧﻄﺎق  وﻳﻘﻊ ﻓﻰآﻤﻰ-ﺸﺒﻪاﻟﺴﺮﻳﻊ اﻟﺧﺘﺒﺎر اﻷ
آﻤﺎ  ﻋﻠﻰ اﻟﺘﻮاﻟﻰ %4.89و% 59 ﺎنﺔ ﻟﻬﺬا اﻟﺘﺼﻤﻴﻢ ﺗﺒﻠﻐاﻟﺤﺴﺎﺳﻴﺔ اﻟﺘﺸﺨﻴﺼﻴﺔ واﻟﺨﺼﻮﺻﻴﺔ اﻟﺘﺸﺨﻴﺼﻴ
  . اﻟﺘﺼﺎﻣﻴﻢ اﻟﻤﺸﺎﺑﻬﺔ اﻟﻮاردة ﻓﻰ اﻟﻤﻨﺸﻮرات اﻟﻌﻠﻤﻴﺔ اﻟﻤﺤﻜﻤﺔاﻟﻨﺎﺗﺠﺔ ﻋﻦ ﻣﻤﺎﺛﻠﺔ ﻟﻨﻈﻴﺮاﺗﻬﺎ ﻘﻴﻢهﺬﻩ اﻟوﺟﺪ أن 
ﻟﺘﺤﺪﻳﺪ ﻓﺘﺮة اﻟﺤﻘﻴﻘﻰ ﺎﻟﺰﻣﻦ اﻟﻤﺮهﻮن ﺑﻟﻘﺪ إﺳﺘﺨﺪﻣﺖ آﻞ ﻣﻦ دراﺳﺎت اﻟﺘﻘﺎدم اﻟﻤﻌﺠﻞ واﻟﺘﻘﺎدم 
 ﻓﻰﻟﻘﺪ وﺟﺪ أن ﻓﺘﺮة ﺻﻼﺣﻴﺔ هﺬا اﻟﻤﻨﺘﺞ ﺗﻔﻮق اﻟﻌﺎم وﺗﻌﺘﺒﺮ هﺬﻩ اﻟﻔﺘﺮة ﻣﻤﺎﺛﻠﺔ ﻟﻨﻈﻴﺮاﺗﻬﺎ . ﺻﻼﺣﻴﺔ اﻟﻤﻨﺘﺞ
     .اﻟﺘﺼﺎﻣﻴﻢ اﻟﻤﺸﺎﺑﻬﺔ
 واﻟﻤﺒﻨﻰ ﻘﻴﺎس اﻟﻤﻨﺎﻋﻰ اﻟﺨﻤﻴﺮى اﻟﻤﻮﺟﻪﻓﻰ ﻣﺠﺎل اﻟاﻟﺘﻰ أﺿﺎﻓﺘﻬﺎ هﺬﻩ اﻟﺪراﺳﺔ ﻣﻦ اﻟﺘﻄﻮرات اﻟﻬﺎﻣﺔ 
ﻟﻠﺨﻤﻴﺮة ”BMT“ وﺑﺎﻧﻴﺔ اﻟﻌﺎﻟﻴﺔ ﺬواﻟ ذات اﻟﺤﺴﺎﺳﻴﺔ اﻟﻌﺎﻟﻴﺔ اﻟﻠﻮﻧﻴﺔ  هﻰ ﺗﺤﻮﻳﻞ اﻟﺮآﺎزةﻮىﻋﻠﻰ اﻟﺤﺎﻣﻞ اﻟﻐﺸ
ﺑﻔﻀﻞ ﺁﻟﻴﺔ اﻟﺘﺤﻜﻢ اﻟﺪﻗﻴﻖ ﻓﻰ ﺗﻮﻟﻴﺪ ﺛﺎﻧﻰ أوآﺴﻴﺪ  اﻟﻤﺆآﺴﺪة ﻟﺜﻨﺎﺋﻰ أوآﺴﻴﺪ اﻟﻬﻴﺪروﺟﻴﻦ إﻟﻰ رآﺎزة رﺳﻮﺑﻴﺔ
  هﺬا اﻟﺘﻄﻮر اﻟﺠﺪﻳﺪ ﺗﻄﺒﻴﻘﺎت واﻋﺪة ﻟﻬﺬﻩ اﻟﺮآﺎزةأﺗﺎح ﻟﻘﺪ .اﻟﻬﺎﻳﺪروﺟﻴﻦ ﻋﻠﻰ اﻟﺴﻄﺢ اﻟﻔﻌﺎل ﻟﻠﺤﺎﻣﻞ اﻟﻐﺸﻮى
 ﻓﻰ اﻟﺴﺎﺑﻖ ﻤﻜﻨﺎﻣﺮ اﻟﺬى ﻟﻢ ﻳﻜﻦ ﻣاﻷ "أﻏﻤﺲ وإﻗﺮأ" ﻣﻦ ﻧﻮع ﻔﻮرﻳﺔاﻟﻠﻮﻧﻴﺔ ﻓﻰ ﻣﺠﺎل اﻷﺷﺮﻃﺔ اﻟﺘﺸﺨﻴﺼﻴﺔ اﻟ
ﻤﺎﺗﺘﻤﺘﻊ ﺑﻪ ﻣﻦ اﻹﺳﺘﻔﺎدة ﻣ ﺑﺎت ﻣﻦ اﻟﻤﻤﻜﻦ إﺳﺘﻌﻤﺎل هﺬﻩ اﻟﺮآﺎزة وﻟﻘﺪ. اﻟﻜﻔﺎءة اﻟﻔﺎﻋﻠﻴﺔ وﺑﻨﻔﺲ اﻟﻤﺴﺘﻮى ﻣﻦ
 ﺗﻜﻤﻦ ﻣﻴﺰة اﻟﻄﺮﻳﻘﺔ اﻟﺠﺪﻳﺪة ﻟﺘﺜﺒﻴﺖ  .ﻳﺔﻣﻘﺎرﻧﺔ ﺑﺎﻟﺮآﺎزات اﻟﻠﻮﻧﻴﺔ اﻟﺘﻘﻠﻴﺪ وإﺳﺘﺠﺎﺑﺔ ﺳﺮﻳﻌﺔ  ﻋﺎﻟﻴﺔﺣﺴﺎﺳﻴﺔ
ﻣﻘﺪرة اﻟﺠﺴﻴﻤﺎت اﻟﺪﻗﻴﻘﻴﺔ ﻋﻠﻰ اﻹﻟﺘﺼﺎق ﺑﺎﻷﺳﻄﺢ )اﻟﺮآﺎزة اﻟﻠﻮﻧﻴﺔ ﻓﻰ إﻋﺘﻤﺎدهﺎ ﻋﻠﻰ ﺧﺎﺻﻴﺔ ﻓﻴﺰﻳﺎﺋﻴﺔ 
وذﻟﻚ ﺧﻼﻓﺎ ﻟﻠﻄﺮق اﻟﺴﺎﺑﻘﺔ واﻟﺘﻰ ﺗﻌﺘﻤﺪ ﻋﻠﻰ اﻟﺘﺮﺳﻴﺐ ﺑﺈﺿﺎﻓﺔ ﻣﻮاد آﻴﻤﻴﺎﺋﻴﺔ اﻷﻣﺮ اﻟﺬى ﻳﺠﻌﻞ ( اﻟﺼﻠﺒﺔ
  . وﻋﻤﻠﻴﺔ " ﻧﻈﻴﻔﺔ "اﻟﻄﺮﻳﻘﺔ اﻟﺠﺪﻳﺪة ﻃﺮﻳﻘﺔ
ﻟﻘﺪ ﺑﻴﻨﺖ ﻣﻌﻄﻴﺎت هﺬﻩ اﻟﺪراﺳﺔ ﺑﺎﻟﻤﺼﺎدﻓﺔ اﻟﻤﺤﻀﺔ اﻟﻤﻮﻓﻘﺔ أن أﻏﺸﻴﺔ اﻟﻨﻴﺘﺮوﺳﻠﻴﻮﻟﻮز اﻟﺸﺎﺋﻌﺔ 
ﻟﻤﺮآﺐ رﺑﺎﻋﻰ  اﻹﺳﺘﺨﺪام آﺤﺎﻣﻞ ﺟﻴﺪ ﻟﻤﻮاد اﻟﺘﻔﺎﻋﻞ ﻓﻰ اﻹﺧﺘﺒﺎرات اﻟﻔﻮرﻳﺔ ﻳﻤﻜﻨﻬﺎ أن ﺗﺤﻔﺰاﻷآﺴﺪة اﻟﻔﻮرﻳﺔ
ﻟﻤﺤﻔﺰات اﻟﺒﻴﻮﻟﻮﺟﻴﺔ ﻣﻴﺜﻴﻞ اﻟﺒﻨﺬدﻳﻦ ﺗﺤﺖ ﺿﻮء اﻟﺸﻤﺲ اﻟﻤﺒﺎﺷﺮ وﻓﻰ ﻏﻴﺎب اﻟﻤﻮاد اﻟﻤﺆآﺴﺪة وا
 اﻟﻌﺎﻟﻲ ﺟﺪا ﺣﺬا ﺣﺬوا ﺎن اﻟﺬوﺑﺴﺪة ﻣﺮآﺐ رﺑﺎﻋﻰ ﻣﻴﺜﻴﻞ اﻟﺒﻨﺬدﻳﻦ ذىاﻟﻤﺪهﺶ ﺣﻘﺎ أن ﻧﺎﺗﺞ أآ. واﻟﻼﻋﻀﻮﻳﺔ
إن اﻟﺴﺒﺐ وراء هﺬا اﻟﺜﺒﺎت اﻟﻐﺮﻳﺐ ﻟﻤﺮآﺐ رﺑﺎﻋﻰ . ﻏﺮﻳﺒﺎ ﻳﺪل ﻋﻠﻰ أﻧﻪ ﻏﻴﺮ ﻗﺎﺑﻞ ﻟﻠﺬوﺑﺎن ﺑﺪرﺟﺔ ﻋﺎﻟﻴﺔ
ﻳﺒﺪوﻏﻴﺮ ﺟﻠﻰ،  ﺄﻏﺸﻴﺔ اﻟﻨﻴﺘﺮوﺳﻠﻴﻮﻟﻮز ﻴﺔ اﻟﻤﺤﻔﺰة ﺑﻣﻴﺜﻴﻞ اﻟﺒﻨﺬدﻳﻦ ﻓﻰ اﻷوﺳﺎط اﻟﻤﺎﺋﻴﺔ ﻋﻨﺪ اﻷآﺴﺪة اﻟﻀﻮﺋ
ﺑﻴﺪ أﻧﻪ ﻳﻤﻜﻦ أن ﻳﻜﻮن ﻣﻔﺘﺎﺣﺎ ﻹزاﺣﺔ اﻟﻘﻨﺎع وآﺸﻒ اﻻﺳﺮار وﺑﺎﻟﺘﺎﻟﻰ ﺗﻄﻮﻳﺮ وﺳﺎﺋﻞ ﺟﺪﻳﺪة ﻟﺘﺜﺒﻴﺖ ﻧﺎﺗﺞ 
 ﻓﻰ آﻴﻤﻴﺎء اﻷﻧﺴﺠﺔ اﻟﻤﻨﺎﻋﻴﺔ واﻹﺧﺘﺒﺎرات اﻟﻔﻮرﻳﺔ اﻟﻤﺒﻨﻴﺔ  ﻣﺴﺘﻘﺒﻼأآﺴﺪة هﺬا اﻟﻤﺮآﺐ ﻣﻤﺎ ﻳﺘﻴﺢ إﺳﺘﺨﺪاﻣﻪ
 .ﻴﺔﻋﻠﻰ اﻷﺳﻄﺢ اﻟﻐﺸﺎﺋ
ﻟﻘﺪ دﻟﺖ ﻧﺘﺎﺋﺞ هﺬﻩ اﻟﺪراﺳﺔ أﻳﻀﺎ ﻋﻠﻰ أن اﻷآﺴﺪة اﻟﻀﻮﺋﻴﺔ ﻟﻤﺮآﺐ رﺑﺎﻋﻰ ﻣﻴﺜﻴﻞ اﻟﺒﻨﺬدﻳﻦ اﻟﻤﺤﻔﺰة 
ﻟﻘﺪ . ﺑﻮاﺳﻄﺔ أﻏﺸﻴﺔ اﻟﻨﻴﺘﺮوﺳﻠﻴﻮﻟﻮز ﺗﻨﺘﺞ أﻟﻮاﻧﺎ ﻣﺨﺘﻠﻔﺔ ﻓﻰ اﻟﻤﺤﺎﻟﻴﻞ ذات اﻷﺳﺲ اﻟﻬﻴﺪروﺟﻴﻨﻴﺔ اﻟﻤﺨﺘﻠﻔﺔ
 ذا دﻻﻟﺔ ﻋﻠﻰ ﻣﺪى ﻣﻌﻴﻦ ﻣﻦ إﺗﻀﺢ أن هﺬﻩ اﻷﻟﻮان ﺗﻌﺘﻤﺪ ﻋﻠﻰ اﻷس اﻟﻬﻴﺪروﺟﻴﻨﻰ ﻟﻠﻤﺤﻠﻮل وآﻞ ﻟﻮن ﻳﻜﻮن
ﻟﻘﺪ أرﺳﺖ هﺬﻩ اﻟﻤﻌﻄﻴﺎت اﻷﺳﺲ اﻟﻌﻤﻠﻴﺔ ﻟﺘﻄﻮﻳﺮ وإﺳﺘﺨﺪام أﺷﺮﻃﺔ اﻷس اﻟﻬﻴﺪروﺟﻴﻨﻰ .  اﻷس اﻟﻬﻴﺪروﺟﻴﻨﻰ
اﻟﺸﺎﻣﻞ اﻟﻤﺒﻨﻴﺔ ﻋﻠﻰ ﻣﺒﺪأ اﻟﺘﻌﺮض اﻟﻀﻮﺋﻰ اﻟﻤﺒﺎﺷﺮ واﻟﺘﻰ ﺗﻐﻄﻰ آﻞ ﻣﺪرج اﻷس اﻟﻬﻴﺪروﺟﻴﻨﻰ ﻋﻠﻰ ﺷﻜﻞ 
  (. 41 أﻟﻰ اﻷس 1ﻣﻦ اﻷس )وﺣﺪات أﺳﻴﺔ ﺑﺎﻟﺘﺪرﻳﺞ  
  -:اﻟﺨﻼﺻﺔ
ﻳﺴﺘﻮﻓﻰ آﻞ ﺧﺼﺎﺋﺺ اﻷداء ، ﺷﺒﻪ آﻤﻰ ﻓﻮرىﺗﻄﻮﻳﺮ إﺧﺘﺒﺎر ﺑﻨﺠﺎح ﻓﻰ هﺬﻩ اﻟﺪراﺳﺔ ﻟﻘﺪ ﺗﻢ 
ﻳﻤﻜﻦ إﺟﺮاؤﻩ أﻧﻪ ﻳﺘﻤﻴﺰ هﺬا اﻹﺧﺘﺒﺎر ﺑﺎﻟﺒﺴﺎﻃﺔ وﺳﻬﻮﻟﺔ اﻟﺘﻌﺎﻣﻞ ﻣﻌﻪ ﺣﻴﺚ . ﻹﺧﺘﺒﺎراتﻌﻴﺎرﻳﺔ ﻟﻤﺜﻞ هﺬﻩ اﻤاﻟ
 هﺬا اﻟﺘﺼﻤﻴﻢ ﻓﺈن ﻴﺰاتﻤﻤﺑﻨﺎء ﻋﻠﻰ هﺬﻩ اﻟ .  ﺑﻴﺌﺎت ﻏﻴﺮ ﻣﻌﻤﻠﻴﺔﺗﺤﺖﻐﻴﺮ ﻣﺪرﺑﻴﻦ واﻟﺑﻮاﺳﻄﺔ اﻷﺷﺨﺎص 
 ﻟﻘﺪ ﺗﻢ .ﻓﻰ اﻟﻤﻨﺎﻃﻖ اﻟﻤﻮﺑﻮءة ﺑﺘﻔﺸﻰ ﺧﻤﻮل اﻟﻐﺪة اﻟﺪرﻗﻴﺔ ﻣﻮﻋﻮد ﺑﺄن ﻳﺠﺪ ﺗﻄﺒﻴﻘﺎت واﺳﻌﺔ اﻟﺤﻘﻠﻰ اﻟﺮﺧﻴﺺ
  .آﻤﻨﺘﺞ ﺛﺎﻧﻮى ﻟﻠﻌﻤﻞ اﻟﺒﺤﺜﻰ ﻓﻰ هﺬﻩ اﻟﺪراﺳﺔ أﻳﻀﺎ ﺗﻄﻮﻳﺮ ﺷﺮﻳﻂ ﻟﻘﻴﺎس اﻷس اﻟﻬﻴﺪروﺟﻴﻨﻰ اﻟﺸﺎﻣﻞ
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INTRODUCTION AND LITERATURE REVIEW 
 
1.1. Iodine deficiency and thyroid function: 
 Thyroid function is essential to normal growth and development. Thyroid 
hormone deficiency, whether produced by removal of the thyroid or absence of 
the gland due to disease or congenital defect, is associated with severe 
retardation of growth and maturation of almost all organ systems. The 
sensitivity of different organs to thyroid deficiency varies. The brain is 
particularly susceptible to damage during the foetal and early postnatal period. 
At birth in the human, the brain is still at stage of early maturation as indicated 
by having reached less than a third of its mature weight at that stage. Neonatal 
hypothyroidism is a well-recognized cause of mental defect. Hence a normal 
level of thyroxine is all-important both during and after pregnancy1.  
 In many countries every newborn child is tested for the level of blood 
thyroid hormones (usually taken from a prick in the heel at the 4th and 5th day 
of life and estimated using RIA or ELISA techniques). If the level is found to 
be low, indicating a lowered state of thyroid gland function, further check is 
made. If confirmed, replacement treatment with daily tablets of thyroxine is 
begun immediately. The results have been evaluated in several countries and 
are generally excellent, provided treatment is given within the first month of 
life. IQ decreases sharply when therapy is delayed after the age of three months.  
In western countries, the incidence of such an abnormality runs at 1 per 3500 
life births and mainly due to organ defect, whereas, in iodine deficient 
environments, observations of blood taken from the umbilical vein, just after 
the birth reveal a much higher rate of neonatal hypothyroidism- up to 10 per 
cent in Zaire and 5-10 per cent in Northern India and Nepal1. 
 In Sudan Moreno-Reyes et al in (1993) reported an increased frequency 
of juvenile hypothyroidism (age 0-7 years) in a severe endemic goiter area in 
western part of the country particularly among weaned children (age < 2 
years)2. Eltom et al in (2001) investigated the thyroid function in the newborn 
in relation to maternal thyroid status during labour in a mild iodine deficiency 
endemic area in Sudan. They suggested that, in areas with mild iodine 
deficiency, neonates may be at the limit of decompensation as evidenced by 
their enhanced TSH and TG levels as well as increased T4 compared to their 
mothers. Eltom et al (2001) concluded that their finding points to the urgency of 
iodine supplementation of mothers even in areas of mild iodine deficiency, as in 
this part of Sudan3.        
 In India chemical observations have been extended to studies of the IQs 
and hearing of school children. It has been shown that there is a marked 
reduction in IQ scores in villages with a high rate of (chemical) 
hypothyroidism. Nerve deafness is much more common, and there is evidence 
of lowered growth hormone levels in the blood4. 
 These observations indicate a much greater risk of mental defect than is 
indicated by the presence of cretinism. They indicate the major impact of iodine 
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deficiency on child development.  
 
1.2. Size of the problem: 
           Iodine deficiency is an old worldwide health problem that affects many 
parts of the world and large populations of the world are at risk of IDD as a 
result of living in iodine deficient environments. 
 
 1.2.1. Size of the problem worldwide: 
 Iodine deficiency is the single most important preventable cause of brain 
damage worldwide5. Iodine deficient environments include the major 
mountainous regions of the world – the Alps, the Andes, the Himalayas, and the 
vast mountain ranges of China. The iodine deficiency arises as the result of loss 
of iodine from the soil as a consequence of leaching by glaciations, snow-water, 
or high rainfall falling on steep slopes. However, iodine deficiency also occurs 
in low-lying areas subject to flooding. The effect of the deficient soil is simply 
that all food grown in it will lack iodine. There is a risk of IDD in direct 
proportion to the severity of the iodine deficiency.  
 The major iodine deficient areas in the developing countries of the world 
are South-east of Asia where those who at risk are 280 millions, Asia (other 
countries) where those who are at risk are 400 million people, Africa, where 
those who are at risk are 60 million people and Latin America where those who 
are at risk 60 million people. Therefore, a total of 800 million people is the 
estimate of those who are at risk worldwide6. Fig. (1) shows the global 
distribution of IDD in developing countries, it will be seen that there are vast 
areas in China, India, South-east Asia, and South America following major 
mountain ranges. 
 
 1.2.2. Size of the problem in Africa: 
 In Africa more than half of the 51 countries on the continent have IDD 
problem. It is estimated that 50-150 million of the total population of 400 
million is at risk of IDD. IDD is particularly important because in virtually all 
these countries, 45% of the population is less than 15 years of age (UNISEF 
estimate). When taken with women of reproductive age this makes up 70% of 
the population in iodine deficient regions that is at risk. The scattered iodine 
deficiency in Africa is in hilly and mountainous regions (e.g., Japel Marra in 
western Sudan) as well as elevated plateau of Southern Africa. Fig.  (2) is a map 
showing distribution of IDD in Africa. 
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Fig. 1. Global distribution of IDD in developing countries 
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Fig. 2. Map showing distribution of IDD in Africa7. 
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1.2.3. Size of the problem in Sudan: 
        Iodine deficiency is characteristically associated with goitre. Endemic 
goitre in Sudan was first reported in 1952 by Woodman, who described a small 
area inhabited by the Azande group in southern Sudan near the Zaire  border. 
He also described other neighbouring areas with a high goitre rate in the South 
of Malakal, among the Neur tripe, around El Damer in the Northern Province 
and in Dar Fur8. 
 Kambal completed an extensive survey in 1967 comprising 17470 people 
in Dar Fur province (Western Sudan) and found that 57% were goitrous and 
that 18.5% of these had large goiter9.  In 1970 Grieg et al undertaken a survey 
in Khartoum and found that 12.6% of 5566 subjects had goitre, large in 0.6%.10. 
         Eltom et al (1984) have shown that the incidence of endemic goitre among 
school children is 85% in Dar Fur and they arrived at the conclusion that the 
major cause is iodine deficiency as well as some other factors like the presence 
of goitrogens in food (millet) and drinking water. The most severely affected 
areas are those in the southern part of Jabel Marra (a mountain in Dar Fur 
Western Province)11. Endemicity also started to creep further, and Eltom et al, 
in1984 reported a new focus of endemic goiter in central Sudan (Kosti)12.  
 It is estimated that 14 million of the 25 million inhabitants in Sudan 
(estimated population at the time of the study) are at risk of having iodine 
deficiency13. 
 Iodine deficiency is a serious public health problem in Sudan, which can 
lead to mental retardation and reduced resistance to infections. The prevalence 
of goiter ranges from 5.4% to 42%, and the average rate nationally is 22%14. 
The problem is most serious in the Darfur region of Western Sudan, where a 
median level of urinary iodine of 1.995 µg/dl has been detected. Levels in 
Southern Sudan –especially the Upper Nile region- are similarly low. Raga 
Province in Bahr El Ghazal is also known area for IDD, although it was not 
included in 1997 survey for logistical reasons. 
 Women in Darfur were found to have a median urinary iodine level of 
1.05 µg/dl and suffered more from IDD than men in the area, who had a median 
urinary iodine level of 3.28 µg/dl. Iodized salt consumption is negligible15. Soil 
and water are deficient in iodine, and the crops grown in such deficient soils are 
therefore also low in iodine. 
 Many of Sudan’s 15 million children are malnourished and iodine 
deficient, and the situation of many women and children in the Darfur region is 
critical16. 
 However, iodine deficiency disorders are preventable by optimal 
consumption of iodine in food. This can easily be made available by iodization 
of table salt. In the almost 15 years since the World Summit for Children, the 
country has made no progress in making iodized salt available. Currently, it is 
estimated that less than 1% of Sudanese infants are born unprotected from brain 
damage and learning disability linked to intrauterine deprivation because their 
mothers did not consume iodized salt during pregnancy. These children are 
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often born to socially poor families, both in rural and urban areas. Each year 
242,400 Sudanese children are born without protection from the consequences 
of iodine deficiency. Among this group, IDD may lead to cretinism in 3 per 
cent(7000), severe mental impairment in 10 per cent (24,000) and mild 
intellectual incapacity in 87 per cent (210,000) 17.   
 From what is mentioned above it seems clearly that hypothyroidism and 
accompanying mental disorders in neonates are mainly due to iodine deficiency. 
Iodine deficiency and consequently hypothyroidism are serious national 
problems in Sudan. The adopted system for neonatal screening in Sudan and 
many other African countries is to quantify TSH in spots of blood applied to 
filter paper, then the blood spot samples were mailed to the laboratory and 
received up to two weeks after collection, after analysis the answers can be 
returned by phone. 
As most of the neonates in Sudan are not born in hospitals and as the 
time factor is vital in neonatal thyroid hormone determinations, the need arises 
for the development of a rapid home test which can be done by the midwife 
with or without a minimal training. 
 
1.3. Immunoassays- General features: 
The basic principle of an immunoassay (IA) depends on antigen-antibody 
reaction to give antigen antibody complex and free components. In most IA’s, 
the antibodies (or the antigens) are immobilized on a solid support and a 
measurement of the binding sites by the antigens (or the antibodies) is made 
because the antibody occupancy reflects the concentration of analytes in the 
medium. However, since the binding reaction does not produce a signal, a tracer 
should be added which allows one to estimate the occupancy by measuring the 
tracer signal. The labels capable of detecting the immunological reaction with 
the purpose of giving quantitative measurements can be fluorescent, 
chemiluminescent enzymes or radioisotopes.  
Especially important are the enzyme-linked immunosorbent assays 
(ELISAs) in which antibodies or antigens are immobilized on a solid phase. IAs 
are classified according to a number of criteria, the most important one being 
whether occupied or unoccupied binding sites are measured18. 
 
1.3.1. Competitive and non-competitive immunoassays: 
 Competitive IAs involve the measurement of unoccupied sites when 
using a limiting antibody concentration. In this format, the sample analytes and 
labeled analytes compete for antibody binding sites on the support. After a 
separation method, which allows one to remove free analytes and free, labeled 
analytes from the medium, the concentration of the bound labeled antigens is 
measured by the signal tracer. 
 Non-competitive IAs rely on the measurement of the occupied binding 
sites by using excess concentration of antibodies. Unlabelled antibodies are 
immobilized while labeled antibodies are added to the medium. This 
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configuration can be performed only when the analyte of interest possesses at 
least two binding sites and is, therefore, not appropriate with the small 
molecules18. 
 
1.3.2. Enzyme-linked immunosorbent assay (ELISA): 
 ELISAs are heterogeneous assays because the antibodies or antigens are 
immobilized on a solid phase, whereas, the other immunoreactants are in the 
liquid phase. 
 In all commercially available ELISA formats, the antibodies are 
immobilized to solid supports. The most common format starts the sequence 
with antibody-coated tubes or wells. In this format, the sample (typical volumes 
100-200 µl) and a known amount of enzyme conjugate are added and compete 
for the limited number of binding sites in the coated tube or well (competitive 
ELIZA format). Then there is an incubation step at room temperature for the 
duration of 10-60 min, depending on the assay. According to the law of mass 
action, the more analyte there is in the sample, the more enzyme conjugate it 
will displace from the binding sites. The original analyte concentration in the 
sample can be determined by measuring the amount of enzyme conjugate bound 
to the antibodies (i.e., unoccupied binding sites). However, one can quantify, 
provided that unbound (or free) conjugates and antigens have been removed 
from the solution by performing a washing step. Then, the amount of enzyme 
conjugate bound to the antibodies is measured by adding a substrate and a 
chromogen to detect the enzyme. The enzyme reacts with the substrate, which, 
in turn, causes the chromogen to produce a coloured compound. After 
incubation, the reaction is stopped by performing a “stopping reaction”. 
 The colour produced is proportional to the amount of bound enzyme 
conjugate and, therefore, inversely proportional to amount of analytes present in 
the sample. A darker colour means less analytes in the sample whereas a light 
colour indicates a high concentration of analytes in the sample. Quantitative 
measurements can be obtained by running standard samples having known 
concentrations and by measuring the absorbance at the maximal absorption 
wavelength using a spectrophotometer18. 
 All types of the above mentioned immunoassays, although extremely 
sensitive, accurate and specific, they can only be performed under laboratory 
conditions by well trained personnel and require highly sophisticated and 
expensive equipment and a considerably long time to do (several hours), 
consequently, the need arises for rapid immunoassay tests which can be 
performed under non-laboratory environments, by un-trained personnel in 
reasonably short times (less than 30 minutes, 5 minutes in most of the cases). 
 
1.3.3. Modification of ELISA to rapid dip-stick formats: 
In principle any enzyme immunoassay that works sensitively in standard 
microplates can be modified to perform on adsorbent membranes or dipsticks 
using nitrocellulose or similar surface and insoluble substrate products19. High 
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affinity monoclonal antibodies have a major role in the development of such 
tests. Dot-blots, used routinely for nucleic acid hybridization, are finding an 
increasing application in enzyme immunoassays as ‘dot-ELIZA’; a wide range 
of plate assays can be modified to perform this way, the system being very 
amenable to immunometric assay in particular. 
Dipstick ELISAs widely used as diagnostic tools to detect toxins20, 
hormones, or drugs21,22 allow a rapid determination of the analytes. These 
dipstick assays, following the ELIZA procedural schemes are based on a 
membrane, affixed to a plastic strip, as the antibody coating support23-25.     
 
1.4. What is a rapid test? 
A rapid test is an inexpensive disposable, membrane-based assay that 
provides visual evidence of the presence of an analyte in a liquid sample 
“qualitative” or determines its approximate concentration “semi-quantitative”. 
Such tests can be formatted either as freestanding dipsticks or as devices 
enclosed within plastic housings. Typically as little as 200 µl of liquid sample is 
required to perform the test, which is usually complete within few minutes. In 
clinical assays, the sample may be urine, blood, serum, saliva, or other body 
fluids. No instrumentation is required to perform such tests, which can be used 
in clinics (In-office tests), hospitals (Emergency tests, Bedside tests), 
laboratories and environmental locations (Field tests, On-site tests, Screening 
tests), and the home (Home tests), often by inexperienced personnel. 
Rapid tests must also be easily and unambiguously interpreted, even by 
users without experience. Rabid tests are versatile, by switching the antibodies 
and making small adjustments to the chemistry of the strip format, the same test 
design can be used for many applications. Rapid tests can be developed as 
mAb-pAb sandwich formats or competitive inhibition formats, depending on 
molecular size. 
Rapid immunoassays include dip-stick, immunochromatography, 
immunofiltration and agglutination. Among the different rapid test formats only 
membrane based rapid tests will be reviewed here with special emphasis on 
membrane-based rapid enzyme immunoassays.  
 
1.4.1. Historical development of rapid membrane-based immunoassays: 
 Rapid enzyme immunoassays were among the early rapid immunoassay 
tests; the earliest were agglutination tests, which were followed by the different 
formats of rapid tests. Membrane-based rapid tests include dip-stick and 
immunochromatography. 
 
1.4.1.1. Dip-stick format: 
The simplicity of the dipstick method enables qualitative tests to be 
performed outside specialized laboratories and the commercial value of this has 
already been exploited in the development of dip-stick pregnancy tests in mid-
1980's26. Such tests give visual results in less than 5 min. The assay employs 
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monoclonal hormone-specific antibodies to coat the disposable membrane, it 
also employs sample and reagent delivery systems, and coloured insoluble 
substrate products. Consequently at that time, it was anticipated that the dip-
stick principle will undergo further technical development in conversion to a 
homogenous one-step test.  
In dot-ELIZA as little as 1µl volumes of antigen can be used, adsorbed as 
spots or discs to nitrocellulose membrane27,28. These immunometric assays have 
proved very useful for the rapid screening of sera in the serodiagnosis of 
infections29-31 and for identifying monoclonal antibodies27. 
 Enzyme immunoassays in a dipstick format have been studied32,33 and 
rapidly became available for the analysis of many analytes18,34. The dipstick is 
comprised of a plastic strip supporting a nitrocellulose or nylon membrane, 
which has a zone or spot of antibody to the analyte of interest. The dipstick is 
placed consecutively in solutions containing the sample, an analyte enzyme 
conjugate and finally an enzyme substrate solution. Wash steps to remove 
unbound sample or reagent may be used and agitation of the dipstick may be 
required. Dipstick assays are often unaffected by sample matrices and can give 
similar detection limits to conventional ELISAs35,36. 
Dipstick or test-strip enzyme immunoassays allow a rapid, qualitative 
determination of analytes. Giersch in 1993 reported on the development of a 
field test for atrazine without expensive equipment using monoclonal antibodies 
immobilized on a membrane support. With the availability of a portable 
reflectometer, the development of a method for the quantification of dip-stick 
test results in the field became possible and thus a decrease in the lower 
detection limits of the test strip is achievable. Wittmann et al (1996) developed 
and optimized a dipstick enzyme IA format for the determination of atrazine as 
a representative pesticide analyte in water and liquid food samples on-site33. 
 Developers of rapid qualitative enzyme immunoassays have utilized 
homogenous assays, often incorporating them into the dip-stick format, e.g., the 
ARIS series of assays by the Ames Division of Miles Laboratories37,38. 
 Dipstick enzyme immunoassays or what is known as dipstick ELISAs are 
finding growing applications in the different fields. They are widely used as 
rapid diagnostic tools for detection of different types of pathogenic agents in the 
fields of medicine and agriculture. They are used for detection of bacteria39,40, 
fungi41, parasites42-45, viruses46, proteinacous infectious particles47 and 
allergens48. They are also widely used for the rapid detection of bacterial 
cyotoxins49, mycotoxins50, drugs21,22, growth promoters51, insecticides25,52 and 
herbicides53,54.            
 
1.4.1.1.a. Homogenous membrane-based rapid enzyme immunoassays: 
 Homogenous enzyme immunoassays are preferred for modification to a 
dipstick ELISA because they reduce the number of required manipulations to a 
minimum.  Separation step is eliminated and there is no need for multiple wash 
steps as well as no need to perform stopping reaction step55.  
  10
 Conventional homogenous assays include assays conducted in solution or 
on solid phase, which depend on modulation of enzymatic activity. In the 
modulation assays, enzymatic activity and formation of product are altered by 
reduction of effective concentrations of conjugates of analytes caused by 
binding to anti-analyte antibodies. The signal in these is a reflection of the 
concentration of free analyte that competes with the analyte- conjugate present 
for binding to antibody. Conjugates that have been used successfully have 
contained enzymes, e.g., lysozyme56,57; cofactors, such as FAD in the presence 
of glucose oxidase apoenzyme37,38,58,59; or inhibitors, such as avidin in the 
presence of pyruvate carboxylase60. 
 A variant of this form of assays was developed by Litman et al. in 1980. 
In their format, termed an “enzyme channeling immunoassay,” an enzyme is 
co-immobilized with antibody on a solid matrix. A conjugate of a second, 
cooperating enzyme is linked to the analyte. The conjugate is mixed with the 
analytical sample and incubated in a competitive assay mode with the 
immunomatrix. The rate of formation of coloured product is a function of the 
proximity of the conjugate to the initial enzyme, and, thus, of the concentration 
of the competing free analyte61.  
 The method was modified and adapted into a dip-stick format, which was 
commercialized in the form of test strip for morphine by Litman and co-
workers in 1983. The strip is immersed first in sample and then in a “developer” 
solution that contains the enzyme-analyte conjugate a substrate for the first 
enzyme and a chromogenic substrate for the second enzyme. Insoluble dye is 
deposited at the surface of the strip; little product is formed in the bulk solution 
because of the low levels of the co-substrate, which are released into the 
solution by the immobilized enzyme62.  
 Expansion of the list of these assays was continued because of their ease 
of use. Improvements have taken the form of incorporation of reference assays 
processed in parallel with the processing of sample, use of simple portable 
photometers, to allow determinations of reaction rates, and/or the application of 
sample-conditioning layers to remove sources of non-specific signal from the 
assays63. 
Latter developments on dipstick enzyme immunoassays included 
dipsticks capable of detecting multi-analytes mounted in one test strip known as 
immunoassay- microanalytical “copact disk” of the future64-66,49,50. 
 
1.4.1.1.b. Internally referenced membrane-based rapid enzyme  
                 immunoassays: 
Another key occurrence in the development of non-clinical assays has 
been the introduction of internally referenced immunoassays. Most of these 
assays are qualitative or semi-quantitative. 
The use of dipstick assays is usually, however, dependent on ambient 
temperature, quality of available water, and attentiveness of the user during the 
timing of incubation steps. Since many of the assays are designed to respond 
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within 15 min. after application of the sample, small errors in timing can 
introduce considerable variation in results between samples. Therefore, internal 
references were incorporated to cater for variations in pH, temperature and 
timing.    
 This generation of assays incorporates a check on the methodology and 
some of them include a reference sample. Improvement of dipsticks involved a 
consistent use of internal calibration references, in addition to indicators for 
monitoring both method and background; either a positive or a negative 
reference is incorporated depending on the assay requirements. 
The internal reference standards eliminate the need to run separate 
positive and negative control tests in parallel with the main test. Negative 
controls are incorporated in the same test strip on some tests62,67 and positive 
controls on others68. 
 Abbott Laboratories has developed a series of such assays, marketed 
under the TEST PAK trade name. Sample is mixed with a reporting antibody 
conjugate, which consists of a goat-anti-analyte polyclonal antibody linked to 
alkaline phosphatase. This mixture is applied through a sample-conditioning 
filter to a disk that supports immobilized mouse anti-analyte monoclonal 
antibody. The mouse antibody is immobilized in a specified area consisting of a 
vertical bar “I” on the disk surface. Apparently, also immobilized on the 
surface, in the position of a crossbar over the vertical bar of mouse antibody just 
mentioned, is a strip of antibody against goat IgG. After the sample anti-analyte 
mixture is incubated with the disc for a period of 2 min, a buffer wash is applied 
followed by the addition of a chromogenic reagent. After another 2 minutes, the 
reaction is halted by another washing with buffer. The resulting pattern of 
deposition of dye is used to report the qualitative result. If a “+” sign appears, 
the result is positive: analyte has bridged the disc and the reporting antibody; 
the reporting antibody conjugate is immunologically active; and the 
chromogenic solution is functional. If a “-” appears, insufficient analyte was 
present to form bridges but the antibody-enzyme conjugate and the 
chromogenic solution were functional. If no sign is generated, the protocol has 
been violated or the reagents have deteriorated. Use of parallel assays, run with 
bracketing concentrations of analyte, can be used to provide quantitative results 
where necessary. 
 Quidel marketed a series of dip stick assays that incorporate a negative or 
nonspecific binding, control which does not turn colour unless the reaction 
protocol is violated. The Allergy Screen assays use immobilized antigens to 
capture IgE in specimens of blood. These IgE antibodies are subsequently 
revealed by incubation with anti-IgE-alkaline phosphatase followed by a 
chromogenic enzyme substrate. Other specific antigen assays are sandwich 
assays. The negative controls used in these assays apparently involve either a 
simple blank pad or a pad on which a threshold level of antigen is immobilized. 
The assays also incorporate an indicator dye in the reagent used during the 
initial incubation so that subsequent washing steps can be monitored for 
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completeness; complete removal of the dye indicates complete removal of  
nonbound antibody-enzyme conjugate. Since both the negative control and the 
test bad are exposed to sample, incomplete washing is accompanied by some 
development of colour on the control pad, which serves as another check on the 
proper conduct of the assays63. 
 The Acculevel test strips described earlier also incorporate a reference 
strip61. These assays use competition between analyte and analyte-HRP 
conjugate to determine the level of HRP brought into close proximity with 
glucose oxidase, which is already immobilized on the test strip, and the H2O2 
generated by the oxidase in the presence of glucose. To normalize the results of 
the assay for duration and temperature of incubation, as well as to detect the 
presence of interfering compounds, errors in the protocol or storage associated 
decay of the reagents; the reference pad incorporates immobilized antibodies to 
HRP. By adjusting the concentration of the anti-HRP immobilized, it has been 
possible to generate a colour yield that approximates the colour generated from 
samples devoid of the analyte. The results of the assay are interpreted in 
relation to the result on the reference pad. If the intensity of colour is equal to or 
greater than that of the reference, the result is negative, if the colour on the test 
pad is less intense, then the assay is positive. 
Hybritech marketed the ICON series of self-contained immunoassays; 
these assays utilize sandwich technology and also incorporate internal 
references. The TANDEM ICON II series uses both a negative control and a 
calibration reference. The test and reference zones are arrayed as spots on the 
surface of a membrane disk. As with the Quidel products, the negative 
reference appears to contain no reagents, a nonspecific immobilized antibody, 
or a minimal level of immobilized analyte. The calibration reference may either 
contain an antibody directed against the reporting enzyme in the enzyme-
second antibody conjugate, as in the Acculevel products, or simply specified 
level of immobilized analyte. The former calibration is to be preferred for 
assays of haptens, while the later may be preferred for assays of 
macromolecular antigens. The choice of the calibration level will depend on the 
analyte being assayed. Therapeutic drugs might be calibrated at the high end of 
therapeutic level, while antigens whose levels are specifically indicative of 
changes in physiological or health status such as hCG, LH or urinary steroid 
conjugates, might be calibrated at the clinical diagnostic level that suggests a 
change in status. These assays are rapid (the assay for hCG is completed in less 
than 7 minutes), and sensitive enough to detect pregnancy well before a missed 
period63.  
 
1.4.2.2. Immunochromatography: 
 Depending on the type of label immunochromatographic rapid tests can 
be classified into enzyme immunochromatography, Liposome-amplified 
immunochromatography and microparticle immunochromatography 
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1.4.2.2. a.  Enzyme immunochromatography: 
 Antibodies can be coupled to a porous matrix and held in a fine 
calibrated column into which analyte and enzyme-antibody conjugates are 
sequentially drawn. The height of the developed coloured bar on the calibration 
scale provides a quantitative test for analyte which requires no 
instrumentation69. The approach has also been developed using small columns 
of anti-venom antibodies to detect the venom species in the blood of snake bite 
patients in Australia using urease-BP indicator system70. 
 In 1978, Glad and Grubb published the first of two papers describing the 
use of antigen-concentration-dependent, chromatographic migration through an 
immobilized antibody matrix71 and the use of enzyme-labeled antibodies to 
localize the antigen-containing areas on the chromatographic support72. Then, in 
1985, Zuk, Litman and co-workers at Syntex Medical Diagnostics and SYVA 
research institute69, described the application of “immunocapillary migration”71 
as a means of quantifying analytes in a competitive assay involving an enzyme-
labeled analyte. In this initial version of the assay, a dry paper strip, to which 
anti-theophylline was attached, was immersed in a mixture of sample, glucose 
oxidase, and theophylline conjugate to horse raddish peroxidase. Migration was 
allowed to continue for about ten minutes during which time free and 
conjugated theophylline migrated up the paper strip in a concentration 
dependent fashion. The more of the free theophylline present, the higher the 
extent of its migration. After migration, the strips were developed by immersion 
in a solution of glucose and 4-chloro-1-naphthol. The coupled glucose oxidase-
peroxidase reaction leads to deposition of blue-grey product over the portion of 
the strip occupied by the theophilline-HRP conjugate. Quantitation involves 
measuring the height of the coloured zone and comparing it to a series of 
standards. The latter task was simplified by serrating the edges of the strip to 
equalize the rate of migration of the conjugate at the edge and at the centre of 
the strip. Variability between runs, as indicated by the coefficient of variation 
was 5-8%; correlation of results with those obtained by the other methods 
exceeded 97%. 
 A subsequent embellishment of this assay is described in two papers 
published in Analytical Biochemistry73 and Clinical Chemistry74. In this 
version, the assay strip has been modified by immobilizing both the antibody 
and glucose oixidase on the test strip. In addition, ascorbic acid, a known 
inhibitor of horse raddish peroxidase, is incorporated into an enzyme reagent 
which is mixed with the analytical sample prior to insertion of one end of the 
test strip into the sample solution. The enzyme reagent also contains HRP-
Theophylline conjugate, glucose and dicarboxidine. After a 20 minutes period 
of migration/colour development, the strip is removed from the mixture and 
quantitated as before by the height to which the colour extends. During the 
migration period, ascorbic acid inhibits the HRP and prevents premature 
formation of coloured product. The inhibitor is consumed during this inhibition 
and is depleted by the end of the migration period, allowing colour to develop 
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via oxidation of dicarboxidine by HRP in the presence of H2O2 generated by the 
glucose oxidase. Thus, the ascorbic acid serves as an “internal chemical clock” 
to allow appropriate timing of the expression of reporting enzymatic activity. 
The assay shows excellent correlation with results obtained with the earlier 
AccuLevel (Syntex) system or EMIT assays. 
 The simplicity of the AccuLevel system and its use of a quantitative 
endpoint recommend it for adaptation to a broad spectrum of applications. It 
will be most interesting to watch the incorporation of intrinsic quality controls 
into the assays, as well as the application of these assays to protein as well as 
haptenic systems. Problems may be encountered as the level of sensitivity 
required by the endogenous concentrations of the analytes falls below the levels 
normally encountered with therapeutic drugs. Improvements in this and several 
other assays may be realized by incorporating some of the colour-development 
reagents into the assay strip in microencapsulated forms. Initiation of colour 
development could then be achieved by firmly pressing on the strip to break the 
capsules, much as developing reagents in instant photographic film are released. 
Alternatively, water-soluble polymers, such as polyethylene glycol or 
polyvinylpyrrolidine, could be used as encapsulating agents, which would 
release their contents after a sufficient time of exposure to aqueous samples. 
 A process termed radial diffusion chromatography, has also been used in 
immunoassays. It serves to separate antibody-bound species from unbound 
species. The final detection layers of the Ektachem enzyme-immunoassays for 
digoxin, Phenobarbital, theophilline, and dilantin serve as excellent examples of 
this application75. In these instances, initial incubation with sample is followed 
by a wash with a mixture of buffer and substrate for the enzyme. The assays are 
configured as competitive immunoassays involving analyte-enzyme conjugates. 
When initial application of sample occurs, competition takes place between free 
and conjugated analyte for antibody that is immobilize at the centre of the assay 
chip. Washing with the substrate-containing solution carries unbound analyte 
and analyte-enzyme complex to the outer edge of the development layer of the 
chip. Measurements are taken via reflectance spectrometry from the centre of 
the development layer. As a result, the signal recorded is due to the antibody-
bound enzyme conjugate. The service record of other Ektachem products is 
excellent. Assuming the same care has been used in the development of these 
assays, it has been anticipated that they can have many applications in clinical 
laboratories. Given the simplicity of the process underlying the assays, it should 
also be possible to generate non-instrumental versions for non-clinical 
applications. 
 
1.4.2.2.b.  Liposome-amplified immunochromatography: 
 Another strip format has been described, based on immunomigration 
using liposomes. Such a system was described for the determination of de-
ethylatrazine32. The measuring range was between 0.1 and 10 µg/l, thus 
ensuring the potential of these formats for field use. 
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 Yap et al. (1991) have demonstrated the advantages of liposome-
encapsulated markers which act as signal enhancers of the competitive binding 
reaction of small-molecule immunoassays, instead of using enzymatically 
produced colours. Liposomes provide instantaneous, rather than time-dependent 
enhancement and offer considerable potential for both automated and field 
assays76. Single-use field immunomigration strips have been applied for the 
determination of alachlor and polychlorinated biphenyls77,78. Liposomes are bi-
layered vesicles that are formed spontaneously when lipids are dispersed in 
water, during formation, they encapsulate a portion of the aqueous solution in 
which they are dispersed, and if this solution contains a marker-molecule, such 
as a dye, this will be present in the aqueous core of the liposome. If the analyte 
of interest is conjugated to a lipid this also can be incorporated into the 
liposome surface. In this format the tagged and the sample containing the 
analyte are passed over a solid surface onto which the antibodies have been 
immobilized. Competition then occurs between the free analyte molecules and 
those, which are conjugated, to the liposomes. The number of liposomes that 
bind the antibodies is inversely proportional to the amount of free analyte in the 
sample. Unbound liposomes move out from the antibody region and can be 
measured by an appropriate downstream detector. Alternatively, the bound 
liposomes can be measured in situ, or a detergent can be added into a flowing 
stream to release the marker which is then measured downstream. The use of 
liposomes instead of the more usual enzyme-produced markers has several 
advantages. The lipid composition can vary to provide the liposomes with 
different characteristics, and almost any water-soluble marker can be 
encapsulated, giving rise to several possibilities of detection. The liposome can 
be varied and controlled accurately. Enhancement is instantaneous, eliminating 
the requirement for a timed enzymatic incubation step, and the whole process 
can be automated78.             
 Field-immunomigration-strip assays have been developed by the same 
research group as above77,78. In a liposome immunomigration competition 
assay, liposomes and analyte molecules are allowed to migrate along a double-
zone strip of adsorbent material on which anti-analyte antibodies (competition 
zone) and anti-biotin (capture and measurement zone) have been immobilized. 
The competition occurs in the antibody zone: The amount of liposome bound is 
quantified by the amount of colour from the encapsulated analyte, and is 
inversely proportional to the amount of analyte in solution. A second zone, 
containing anti-biotin to bind the liposome, collects all the liposomes that do 
not bind to the antibody zone, and the amount of colour in this zone is directly 
proportional to the amount of analyte in the sample. Therefore, quantification in 
either zone is possible, with the use of the second zone being more "preferred" 
according to the authors78. This assay has the potential for rapid field screening 
and is simple. A prototype assay based on the preceding principles was 
developed for alachlor determination. A protein binding membrane (a porous 
nitrocellulose membrane) with a plastic backing was employed to provide 
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rigidity. The assay is performed by dispensing one drop of a concentrated buffer 
into a glass test tube, mixing the contents, and adding one drop of a liposome 
solution. After mild shaking, the test strip is inserted into the tube and is left 
there until the solution front reaches the end of the strip (ca. 8 min). Thereafter, 
the strip is removed and air-dried and the colour intensity of the antibody zone 
and the anti-biotin zone are estimated either optically or by scanning 
densitometry. Dose-response data were obtained by scanning densitometry of 
strips run in the presence of various concentrations of alachlor. The responses in 
both zones varied logarithmically with alachlor concentration, and both were 
estimated to detect 10 µg/l of alachlor. 
 
1.4.2.2.c.  Microparticle immunochromatography: 
 Microparticle (Colloidal gold, colloidal carbon or latex) 
immunochromatographic assays are commercially well established. 
Macromolecules such as proteins (e.g., immunoglobulins) can be adsorbed on 
the dyed colloidal microparticles [e.g., gold (red), carbon (black), latex (several 
colours)]. Such immunoglobulin labeled microparticles can be applied to make 
antigens directly visible. One step strip test devices, using antigen immobilized 
on membrane and antibody-gold conjugates as mobile phase, are now 
commercially available for an increasing number of antigens (high or low 
molecular mass). The first major target analyte for this test format was human 
chorionic gonadotrophin (HCG) for the detection of pregnancy. 
 A great variety of test strip assays are now available, e.g., for qualitative 
detection79,80 as well as quantitative determination of hormones81,82. They are 
also used for screening of drugs of abuse83, for quantitation of c-creative 
protein84, for semiquantitative determination of mycotoxins85, lipoprotein (a)86 
and for detection of lipoprotein cholesterol87. They are also used for detection 
of viruses88,89 and bacteria90. 
Microparticle immunochromatographic assays for small analytes use 
strips of porous membrane to which either an antibody or the analyte of interest 
is added as a narrow zone about half way up the strip. The liquid components of 
the assay are wicked, by capillary action, from one end of the 
immunochromatography strip to the other, flowing across the antibody or 
analyte zone as they migrate. The number of coloured microparticles attaching 
to this zone is in inverse proportion to the amount of analyte in the sample. The 
strip may also contain control zones to indicate completion of the reaction. 
Movement of the sample by capillary action is normally maintained by an 
absorbent pad at the far end of the strip36. 
 
1.5. Commonly used components in membrane based enzyme 
       immunoassays: 
 A membrane based enzyme immunoassay test strip like any other 
enzyme immunoassay is composed of a suitable enzyme, an insoluble 
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chromogenic substrate of the selected enzyme, a solid phase support 
(membrane) suitable for the particular rapid test, buffers and auxiliary reagents. 
 
1.5.1. Enzymes: 
 Many enzymes can be used in membrane based enzyme immunoassays 
and the suitable enzyme can be selected depending on the design and 
application. 
  
1.5.1.1. Choice of enzymes in immuoassays: 
 The enzymes most commonly used as labels in enzyme immunoassay 
procedures are horse raddish peroxidase (HRP, E.C.1.11.1.7) and alkaline 
phosphatase (AP, E.C.3.1). These two enzymes have been found satisfactory in 
many assays but have some disadvantages, which limit their use. Visual 
titration end points are usually determined with HRP conjugates rather than AP 
conjugates because the indicators for HRP produce colours which are easier to 
detect by eye than AP. Horse raddish peroxidase, however, requires the use of 
hydrogen peroxide, which is unstable substrate and must be prepared just before 
use. HRP is also prone to inactivation by the preservative sodium azide91, which 
is commonly used in RIA, therefore, alternative preservatives in enzyme 
immunoassays should be used. 
 Other enzymes (For example, alkaline phosphatase, β-galactosidase) 
produce results, which may only be read clearly with the aid of 
spectrophotometer or flourimeter, and these enzymes also utilize substrate 
solutions, which must be prepared immediately prior to use. 
 Urease (urea amidohydrolase E.C.3.5.1.5) conjugates used with a pH 
indicator solution containing urea provide an enzyme immunoassay system, 
which overcomes many of the problems encountered with HRP and AP. The 
visual end point is unequivocal since a sharp yellow to purple transition occurs 
at the titration end point rather than the slow built-up of colour seen with HRP 
and AP. The substrate is stable in aqueous solutions at ambient temperatures 
and the enzyme reaction can be stopped by the addition of a small quantity of 
organomercurial92,93 such as thiomersal. Urease is not found in mammalian cells 
and hence no endogenous activity is observed when urease-antibody conjugates 
are used to detect cell bound antigens or antibodies. The major drawback of 
urease is the possibility of rapid loss of enzyme activity94.  
 Of all the above mentioned enzymes, HRP-conjugates were selected for 
this study as the indicators for HRP tend to produce colours which are easier to 
detect by eye than AP and which are reasonably stable.  
 
1.5.1.2. Horse-radish peroxidase enzyme: 
 Horse radish peroxidase (HRP) is a haemoprotein catalyzing the 
oxidation by hydrogen peroxide of a number of substrates such as ascorbate, 
ferrocyanide, cytochrome C and the leuco form of many dyes. The general 
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scheme by which HRP catalyzes the oxidation of many organic compounds was 
established by the work of Chance95 and is presented in equations 1 – 4. 
 
[1]                         HRP+H2O2 → HRP-I (Compound I) 
[2]  HRP-I + AH2 (oxidizable substrate) → HRP-II (Compound II) + AH· 
[3]                      HRP-II (Compound II) + AH2 → HRP + AH· 
[4]                                 2 AH· → Oxidized products 
 
 Here HRP refers to native enzyme, HRP-I and HRP-II are oxidized forms 
of the enzyme called compounds I and II and containing respectively, two and 
one oxidizing equivalent relative to the native enzyme, and AH2 is an 
oxidizable substrate. 
 Peroxidase has been found well suited for the preparation of enzyme-
conjugated antibodies and antigens, due in part to its ability to yield 
chromogenic products, and in part to its relatively good stability characteristics. 
Peroxidase labeled immunoglobulins have been used successfully as 
immunochemical probes for the demonstration of tissue antigens, and in 
enzyme amplified immunoassay systems for the quantitative demonstration of 
soluble and insoluble antigens96-100. Sternberger et al. (1970) and Moriarty et al 
(1973) have described novel soluble peroxidase- antiperoxidase techniques for 
immunochemistry and immunoassay101,102. 
 The use of the highly specific, sensitive and very stable horseradish 
peroxidase with a chromogenic donor has proven very useful for assay systems 
producing hydrogen peroxide, as in the determination of glucose or galactose 
by their respective oxidases and also in the determination of certain L-amino 
acids in conjunction with L-amino acid oxidase103. 
 
1.5.1.3. Characteristics of peroxidase from horseradish roots 
 The molecular weight is 44,000 daltons104, Stokes radius is 3 nm105, the 
optimum pH is 7.0106 and the isoelectric point is 8.7-9.094,104. Horseradish 
peroxidase is reversibly inhibited by cyanide and sulphide at a concentration of 
10-5 M107. The enzyme exhibits a high specificity. Activity is observed with 
H2O2, MeCOOH, and EtCOOH108-110. The enzyme is quite stable, as a 
lyophilized powder, it may be stored several years refrigerated. An aqueous 
solution (1 mg/ml) of purified peroxidase has maintained its activity practically 
undiminished for over a year at 5 deg C. 
 
1.5.2. Chromogenic substrates: 
          The most commonly used enzymes HRP, AP and BG have two types of 
chromogenic substrates some yielding water-soluble products and others 
yielding water-insoluble products. Those yielding water-insoluble products are 
the ones suitable for dip-stick format EIA’s. Horseradish peroxidase has four 
water-insoluble chromogenic substrates and a highly sensitive fifth one which is 
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originally water soluble but rendered water insoluble by certain treatments. 
These chromogenic substrates are: 
                                                                                                                                               
1.5.2.1. Diaminobenzidine (DAB, 3,3’,4,4’-tetraaminobiphenyl): 
It is colourless and upon enzyme action develops a final brown colour 
which is also insoluble in alcohol111. It is an exceptionally sensitive substrate, 
with one drawback that it reacts so fast, in a way that, it can very easily 
overdevelop to give a high background112. 
 
1.5.2.2. Diaminobenzidine with metal ion enhancement: 
 The sensitivity of DAB can be further enhanced by adding cobalt or 
nickel ions to the substrate solution. In the presence of these ions, it is 
colourless, which changes to grey/black upon enzyme action112 and it is 
alcohol-insoluble as well113.  
 
1.5.2.3. 3-Amino-9-ethylcarbazole (AEC): 
It is clear when starting and finally develops an aesthetically pleasing red 
reaction product; it is alcohol soluble114 and slightly more sensitive than 
chloronaphthol112. 
 
1.5.2.4. Choloro-1-naphthol: 
It is a colourless solution, which turns, to blue upon enzyme action and it 
is alcohol-soluble as well115. This chromogen is relatively insensitive but gives 
an intense blue-black reaction product in an easily controlled reaction. 
Background binding of the product to the filter is low112. 
 
1.5.2.5. 3,3΄,5,5´-tetramethylbenzidine (TMB): 
It is a one of the most commonly used water-soluble chromogenic 
substrates for HRP. However, in the more sensitive test-strip IAs, particularly 
when reflectance measurements and quantitative determination were involved, 
TMB was the chromogen employed. McKimm-Breschkin (1990) used HRP and 
TMB substrate for the development of both slot blots and western blots, they 
used dextran sulphate to capture the soluble TMB reaction product and reported 
a solid phase immunoassay with a sensitivity that is equal to or greater than that 
obtained with alkaline phosphatase reaction using 5-bromo-4-chloro-3-
indolylphosphate (BCIP) and nitroblue tetrazolium (NBT) substrate116. 
Wittmann et al (1996) rendered TMB water-insoluble by adding 
dioctylsulfosuccinate (DSS) as a precipitating reagent for the dye33.  
 
1.5.3. Blocking reagents: 
 Once the primary molecule of interest such as the capture antibody or the 
antigen is immobilized on the solid phase, many developers of solid phase 
immunoassay methods carry out an extra immobilization step to block the 
unoccupied sites and prevent nonspecific protein adsorption of the different 
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assay components (serum proteins, enzyme-tracer or detection reagents) during 
the subsequent assay steps. It is generally not necessary to completely dry the 
solid phase prior to the application of the blocking agent. Since many blocking 
agents are surfactants, they can also improve membrane wetting. A surfactant 
blocked membrane is also less likely to suffer hydrophobic deterioration, 
increasing the shelf-life of the finished device. 
 Ideally, the blocking material that a developer selects should help to 
insure the production of a stable and reproducible test system. They should 
simultaneously reduce the level of nonspecific background staining, remain 
bound to the membrane during prolonged storage, and achieve even and 
consistent rewetting upon sample application117. They should also be free from 
interference with the interaction of antibodies and antigens, where such 
interference can substantially reduce the specific signal intensity of the test. 
Considering these key features of the ideal blocking system, the choice of 
a blocking agent often requires developers to seek a compromise between three 
performance factors: 
 
(1) Specific signal intensity. 
(2) Non-specific binding to solid phase matrix (Non-specific background 
       intensity). 
(3) Protein-protein interactions (when blocking is done with a protein). 
 
Unfortunately, such performance factors are often mutually exclusive. 
Blocking agents that reduce nonspecific interactions usually also reduce the 
amount of specific signal. The protein blocking agents may displace or mask 
previously bound proteins and decrease specific immunoreactivity at the 
concentrations required to saturate the free binding sites. In general terms there 
are three classes of blocking agents, these are surfactants, proteins and man-
made polymers. 
 
1.5.3.1. Surfactants: 
Nonionic detergent blocking agents (such as Triton X-100, Nonidet P40, 
and Tween 20) minimize nonspecific protein-protein and protein matrix 
adsorption by disturbing the underlying non-covalent/hydrophobic interactions 
118, while leaving antigen-antibody interactions relatively unaffected119. 
However, these detergents can also influence previously bound proteins whose 
retention is maintained by these interactions causing de-sorption of bound 
proteins120. Of the three detergents above, Tween 20 is least active in this 
regard, and its use at 0.05% (popularized by Batteiger and co-workers121,122 is 
widespread. While many reviews have cautioned against its routine use, in the 
most cited experimental support for this caution123. Rather, the disadvantages of 
Tween 20 arise from its failure to eliminate and its ability to create certain 
specific artifacts when used as the sole blocking agent124,125. 
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1.5.3.2. Protein blockers: 
 Protein blocking agents (such as serum, milk powder, bovine serum 
albumen (BSA), ovalbumen, and gelatin) are used in solid-phase immunoassays 
to saturate unoccupied, non-specific binding sites. However, background 
labeling can still be considerable by virtue of incomplete saturation, protein-
protein interactions with the blocking agent, or specific interactions with 
adventitious contaminants126,127. Conversely, at the concentrations required to 
saturate binding sites, protein blocking agents may displace or mask previously 
bound proteins and decrease specific immunoreactivity23,128. While 5% nonfat 
milk powder (popularized by Johnson and his coworkers) dramatically lowers 
background labeling129, a simultaneous reduction in antigen labeling can occur 
as well130. The two blocking solutions compatible with nearly all 
immunodetection systems are non-fat dried milk and BSA. Blocking in Tween 
20 is also recommended if high backgrounds are a problem111. 
 
1.5.3.3. Man-made polymers: 
 By contrast to compounds outside of the protein and non-ionic detergent 
categories, man-made polymers have received little attention as alternative 
blocking agents. With the exception of two isolated reports120,127, and passing 
mention in an application manual131, polyvinyl pyrrolidone (40,000 M.W., 
PVP-40) appears to have been largely ignored as a blocking agent in blot 
immunolabeling protocols. Yet PVP-40 has been demonstrated to prevent 
protein binding to NC132, and the suppression of nonspecific binding to transfer 
membranes by PVP has been recognized in molecular biology since the mid-
1960s133. 
The best results can generally be obtained by using a combination of 
materials from at least two separate classes, normally by mixing surfactants and 
man-made polymers. Proteins are usually not the most efficient materials; 
although they can help to reduce the levels of non-specific background 
signal134. The addition of polyvinylpyrrolidone to Tween 20-containing 
incubation solutions is shown to lower background without decreasing specific 
immunoreactivity in Western blots. The beneficial effects of 
polyvinylpyrrolidone were observed with different antibodies, detection 
procedures, and transfer media and in immunocytochemical as well as blot 
immunolabelling procedures135. 
Haycock135 in 1993 had compared 3% BSA, 3% ovalbumin, 0.3% 
gelatin, 3% milk powder and 3% PVP-40 as substitutes for Tween 20 in blot 
immunolabeling incubation and rinse buffer. As individual blocking agents, 
none of these compounds produced lower backgrounds than Tween 20 (0.05%-
0.1%) without decreasing specific immunoreactivity as well. PVP-40 by itself 
was, in fact, the least effective agent; and, while nonfat dried milk powder 
produced the lowest background, specific immunorecativity was substantially 
lower as well, despite prior air drying of the transfers. When tested in 
combination with Tween 20, the proteinaceous agents produced results that 
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were no better than those of Tween 20 alone; however, PVP-40 plus Tween 20 
produced backgrounds lower than those of Tween 20 alone, approximately 
doubling the signal-to-background ratio. 
 The mechanism by which PVP-40 and Tween 20 excreted their blocking 
effects appeared to be different. Inclusion of PVP-40 during pre-incubation only 
produced effects roughly equivalent to those when PVP-40 was present 
throughout. By contrast, proactive effects of pre-incubation with Tween 20 are 
minimal. Presumably, the mechanism of PVP-40 action is analogous to that of 
protein blocking agents. 
 The enhancement of signal-to-noise by PVP-40 resulted strictly from a 
concentration-dependent decrease in background. The additional presence of as 
little as 1% nonfat milk powder during pre-incubation decreased specific 
labeling without further reducing background. Under the conditions used, 1% 
PVP-40 was optimal; 0.3% was slightly less effective whereas 3% produced no 
additional effect135. 
 In other experiments, matched samples were transferred to NC and 
Polyvinyledine diflouride (PVDF) membranes (0.45 µm) and pre-incubated in 
either 0.05% Tween 20 plus 0.5% PVP-40 or 0.05% Tween 20 alone. Specific 
labeling of tyrosine hydroxylase (TH) bands on the NC and PVDF membranes 
was identical (+ 10%), and PVP-40 increased the signal-to-noise ratio of TH 
immunoreactivity on either solid phase support without affecting specific 
labeling. Similarly, pre-incubation with PVP-40 improved the signal-to-noise 
ratio of TH immunolabeling in the extracts whether the samples were 
transferred electrophoretically or spotted136 onto either 0.22- or 0.45-µm 
porosity NC sheets. PVP's enhancement of signal-to-noise was also apparent 
when TH immunoreactivity with sheep137 and mouse135,138 antibodies was 
visualized with an immunoperoxidase protocol138. The relative decrease in 
background produced by PVP-40 differed among the anti-TH antibodies, being 
most apparent with the rabbit anti-TH peptide antibodies138 and least apparent 
with the monoclonal antibody. Thus, to ensure generality of its effects, PVP-40 
was also tested using serum antibodies to several other antigens (neuron-
specific enolase, synapsin, synaptophysin). In western blots of rat brain, PVP-
40 decreased background labeling with antibodies to each of the antigens. 
 PVP-40 is an effective adjunct with Tween 20 for improving the 
immunochemical detection of proteins that have been spotted or 
electrophoretically transferred onto solid phase supports such as NC or 
PVDF135.  
 
1.5.4. Buffers and auxiliary reagents 
 During assay development procedures, as well as during assay 
performance, different buffer solutions are used to coat immunoreagents 
(coating buffers or binding buffers), to block the residual binding sites after 
coating with suitable blocking agents (blocking buffers) and to rinse and wash 
solid phases after coating and blocking (wash buffers), as well as to incubate 
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the immunoreactants during the assay (assay buffers). In addition they are used 
as diluents for antisera before coating and as diluents for concentrated enzyme 
conjugates before assay performance.  
 
1.5.4.1. Coating buffers: 
 Coating buffer to promote non-covalent adsorption in microtitre plates is 
often 50 mmol/L NaHCO3/Na2CO3, pH 9.6. For nitrocellulose membranes the 
protein can be bound in many different buffers and under many different 
conditions. The binding buffer should not contain extraneous proteins or 
detergents such as Tween 20 (low concentrations of SDS, NP-40, or Triton-
X100 are fine). If no other factors need to be considered, the binding could be 
done in 10 mM sodium phosphate (pH 7.0) or PBS112. Depending on the type of 
the blocker, the same buffer used for coating may be used as a blocking buffer 
to block the residual binding sites on the surface of the membrane. 
 
1.5.4.2. Wash buffers: 
 Because membrane coating involves immobilization of different proteins 
with different functions, a washing step is essential to minimize any nonspecific 
binding likely to increase the background signal later during assay performance. 
A thorough removal of the unbound reagents is required after each coating, 
blocking or glazing step. 
 
1.5.4.3. Assay buffers:   
 The composition of the buffer used in an immunoassay and its pH can 
significantly influence the assay performance as many antigen-antibody 
interactions are ionic strength and pH dependent, usually in unpredictable 
way139. The buffer salts maintain a restricted pH range and establish the ionic 
strength. Phosphate buffered isotonic saline, 10 mmol NaH2PO4/Na2HPO4, 150 
mmol NaCl/L, with 0.1% bovine serum albumen (Cohn fraction V powder) or 
with 0.1% to 0.5% Tween 20 surfactant, is a popular assay buffer, the protein or 
surfactant serves to minimize nonspecific interactions. 
 Tris-HCl/saline, pH 7.6 is commonly used in immunoassays. The 
addition of physiological saline to the buffer solution gives it a higher salt 
concentration, thus effectively reducing non-specific background signals. 
Another commonly used buffer is phosphate-buffered saline (PBS, pH 7.2). 
This has the advantage that it can be made up in large quantities and will remain 
at a constant pH whereas; the Tris buffer needs to be made up in smaller 
quantities for daily use19. 
 Several reports have indicated that the pH of the reaction mixture can 
significantly affect the performance of peptide hormone immunoassays140. This 
effect on binding of different ionic strengths and pH conditions, however, 
appears to be unpredictable, as indicated by a systematic study of nonspecific 
effects in four immunoassays for the measurement of insulin, secretin, gastrin, 
and human growth hormone139. The overall binding and final results of an 
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insulin assay were detectably altered by changes in both the pH and ionic 
strength, while in a secretin immunoassay run under the same conditions the 
results remained unaffected. The conclusion of Kajubi et al’s study was that one 
cannot predict the optimal pH or buffer to be employed in any immunoassay 
system and that multiple buffer conditions must be examined empirically for 
each antigen and antiserum combination prior to setting on the "optimal" 
conditions.  
 Buffers of high or low pH values can sometimes prevent antigen-
antibody reactions. The efficiency of the binding reaction therefore depends on 
its environment (pH, ionic strength), and the presence of additives (carrier 
proteins, detergents, protease inhibitors, and antibacterial agents). 
 
1.5.4.4. Auxiliary reagents: 
 The most important auxiliary reagents are the displacing reagents for 
releasing haptens from serum binding proteins in direct “non-extraction” 
assays.  In case of serum thyroxine, the most commonly used displacing reagent 
is 8-Anilino-1-Naphthaline-Sulphonic acid (ANS) ammonium salt.     
 
1.5.5. Solid phase supports in rapid tests: 
The most commonly used supports in rapid tests are high capacity protein 
binding membranes. These polymeric, microporous membranes are used as 
solid phase supports for filteration-based immunoassays of a wide variety of 
analytes (flow though rapid tests). They overcome many of the problems 
inherent in the solid phase immunoassays as they combine the qualities of a 
solid substrate with a range of expanded capabilities. The flow-through 
capability of membranes offers a distinct advantage to improve assay kienetics. 
Large fluid volumes can be actively moved past the membrane surface, 
improving the reaction kienetics between immobilized and soluble reactants. 
Thus assay times can be significantly reduced to meet the demands of the 
market141. 
 Microporous membranes are generally described as polymer membranes 
with a defined and measurable (rated) porosity in the range of 0.05-12 µm. A 
microporous membrane is generally a thin-film membrane (100-200 µm thick), 
composed of a polymeric lattice that is largely void volume (80% void volume). 
This provides a flat sheet material with a large surface area-to-volume ratio, 
which in the case of some polymer materials binds proteins at a high density142. 
With certain types of polymers, this large surface area can be chemically 
activated to provide a mechanism for covalent attachment of proteins. 
 
1.5.5.1. Commonly used membranes: 
 Commercially a wide variety of membranes are available, including 
cellulosics (nitrocellulose, cellulose acetate, and regenerated cellulose), nylon, 
and polyvinylidene difluoride (PVDF). Glass fibres can also be used as a 
membrane support. The protein binding capacity differs with the type of 
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polymeric material, with nitrocellulose and nylon providing the highest binding 
capacity. Nitrocellulose membranes also provide lower background signals than 
the nylon membranes. Cellulose acetate and regenerated cellulose membranes 
are generally insufficient to support a rapid immunoassay. The use of 
hydrophobic PVDF membrane in immunoassays is generally limited, primarily 
because the membrane must first be wetted with a non-aqueous solvent. This 
characteristic renders hydrophobic PVDF membranes unusable for membrane-
based immunoassay configurations143. 
 Nitrocellulose membranes give excellent sensitivity, resolution and low 
backgrounds. Supported nitrocellulose (such as Hybond-C Extra) improves the 
mechanical strength of the membrane by incorporating a polyester support web, 
thereby making handling easier. Nylon membranes can be used for protein 
blotting but often exhibit unacceptably high backgrounds. 
  
1.5.5.2. Binding characteristics of membranes: 
 The polymer from which the membrane is made will determine most of 
the membrane’s binding characteristics. For the most part, a membrane’s 
protein binding capacity is determined by the amount of surface area available 
for immobilization. A membrane’s surface area is determined by its pore size, 
porosity (amount of air in the three dimensional structure), thickness, and to a 
minor extent, by structural characteristics unique to the polymer from which it 
is made. All other parameters being equal, surface area decreases with 
increasing pore size (non-linear), increases with increasing thickness (linear), 
and increases with increasing porosity (non-linear). The surface area of a 
porous structure (also known as the BET surface area) is normally reported as 
m2 total surface area / gram of polymer. For membranes it is relatively easy to 
determine basis weight (grams/m2). Multiplying the internal surface area by the 
basis weight results in a term, that is referred to as the surface area ratio (m2 
surface area / m2 frontal area). Membranes used in immunochromatographic 
and immunoblotting applications have surface area ratios in the range of 50 to 
200144. 
 
1.5.5.3. The loading and binding capacity of a membrane:    
 The loading capacity of a membrane is the amount of protein that can 
bind to a given surface area; this amount normally depends on the proteins 
compactness of structure and on its Stokes radius (effective diameter). For IgG, 
the approximate loading capacity is 1µg/cm2. Multiplying the loading capacity 
of IgG (~ 1µg/cm2) by the surface area ratio of the membrane (50 – 200) will 
produce the approximate IgG binding capacity of the membrane (50- 200 µg/ 
cm2). 
 Charge modified nylon binds proteins by both ionic and electrostatic 
interactions, PVDF binds proteins by hydrophobic mechanism whereas, 
nitrocellulose membrane bind proteins by an electrostatic mechanism. The 
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extremely strong dipole of the nitrate ester interacts with the strong dipole of 
the peptide bonds of the protein as shown on Fig.3144. 
 
 
 
Fig. 3. Structure of nitrocellulose ester and protein dipole. 
 
1.5.5.4. Nitrocellulose membranes: 
 The ability of proteins to bind to nitrocellulose has been recognized since 
at least the 1930s, when the necessity of using serum to prevent adsorption of 
virus particles to colloidon (cellulose nitrate) membranes during filtration was 
described145. The universal applicability of protein adsorption to nitrocellulose 
is perhaps best underlined by a relatively recent application, but one which is 
the most widely used: the electrophoretic transfer of denatured proteins to 
nitrocellulose for subsequent immunological characterization, commonly 
referred to as Western blotting146. 
 The exact mechanism, however, by which proteins bind to nitrocellulose 
remains unclear. Nitrocellulose is a fully nitrated derivative of cellulose, in 
which all free hydroxyl groups have been substituted by nitrate groups, and is 
thus hydrophobic in character. Nitrocellulose filters are structured rather like 
sponge, through which individual pores follow tortuously winding paths and 
constitute about 80% of the total filter volume147. It has been since long 
apparent that the process of protein binding involves active adsorption, as 
interacting particles such as viruses or ribosomes are clearly much smaller than 
the pores of the filter to which they were binding147-149. Consideration of the 
conditions under which adsorption is optimal, and the chemical nature of 
nitrocellulose, led to the conclusion that binding requires hydrophobic 
interactions between protein and nitrocellulose, so it is not surprising that some 
proteins, notably those of small molecular weight, bind with reduced affinity149-
151. 
 The structure of nitrocellulose membranes has been discussed by 
Gershoni and Palade150. The nitric acid-estrified cellulose is solubilized either 
with acetic acid-acetone or ether-alcohol. The latter solvent mixture seems to 
produce better membranes for blotting146. The films of these solutions are 
allowed to gel by meticulous control of the evaporation of the solvent. The 
drying conditions determine the ultimate pore size of the membranes. About 
500 million pores are present per cm2 of membrane, accounting for about 80% 
of its volume. For protein blotting, the 0.45 µm pore size is traditionally used 
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but there is a tendency towards the 0.2 µm type152. Proteins are not captured 
primarily by a sieving process but by an as yet poorly understood non-covalent 
interaction147,149. In many of the experimental conditions, the net charge of both 
proteins and the membrane is negative, pointing to the importance of 
hydrophobicity. This may be responsible for the non-uniform and non-
quantitative recovery of components from the various protein bands, for the 
adverse effects of non-ionic detergents on protein blotting, and for the 
prevention of adsorption of proteins to membranes by Tween 20, e.g., durig 
immunostaining122. Another problem is the change of adsorptive affinity of the 
membrane during prolonged storage. Schneider (1980) regenerated aged 
nitrocellulose sheets by immersion in a 1% solution of 3-methyl-1-butanol at 
60º C for 15 min, washing 5 times with distilled water and subsequent bathing 
in 8% glycerol. The membranes were then pressed gently against filter paper to 
remove excess glycerol153.           
Nowadays, among the different types of microporous membranes, 
nitrocelluloses have found wide applications in qualitative and semi-
quantitative immunoassay systems. Nitrocellulose is prepared by the direct 
nitration of cellulose, usually 10-15% nitrogen by weight. Nitrocellulose 
membranes have a high protein binding capacity of high affinity and offer a 
surface that is easily blocked. The binding of proteins to nitrocellulose is 
extremely fast, and therefore preparation of the membrane is very rapid. In 
addition, these membranes are available in a variety of different pore sizes, 
yielding different flow properties and protein binding capacities. The membrane 
also can be cast with fabric supports to significantly increase the tensile strength 
for subsequent device manufacture. Nitrocellulose membranes can be cast on 
nonporous plastic supports, creating a form of material that plays a different 
role in some immunoassay systems. Such examples include lateral flow devices 
and dipstick configurations154. 
Advantages of nitrocellulose membranes include the fact that proteins 
may be bound in the presence of detergents, although a lower efficiency of 
binding is observed when the concentration of non-ionic detergents (Triton X-
100, Tween 80) exceeds 0.01%155. Nitrocellulose membranes are particularly 
useful in assays where only the presence, and not the quantity (although the 
latter is also possible) of an immunoreactant is to be established, when only 
very small amounts of samples (e.g., <1µl) are available, and when ionic 
detergent-solubilized antigens are to be tested. Nitrocellulose binds close to 
100% of most antigens or antibodies94. Nitrocellulose membranes also offer 
great potential for providing a simple multianalyte approach by immobilizing 
several antibody “spots” on a single strip of membrane64,156. Nitrocellulose can 
bind approximately 1000 times more protein per surface area than polystyrene 
microtitre plates. Therefore, nitrocellulose can be used in antibody capture 
assays (when detecting and quantifying antibodies using antigen excess assays) 
instead of polystyrene microtitre plates when the amount of the antigen bound 
to the plate is too small to produce a strong signal112. 
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1.6. Protein immobilization in immunoassays: 
 Different proteins are immobilized on solid support surfaces for different 
purposes. Antibodies in particular, owing to their high specificity, are 
immobilized on various supports and widely used for different applications. In 
immunoaffinity chromatography, antibodies immobilized on traditional affinity 
gels or porous particles are employed to separate proteins from dilute mixtures 
under mild conditions157. The use of immobilized antibodies in diagnostic 
immunoassays has expanded considerably in recent years158. Dip-sticks and 
immunosensors are examples of such applications. Immobilization of antibodies 
on optical fibres, electrodes or semiconductor chips for the detection of antigens 
in immunosensors represents another promising field. 
 Numerous coupling strategies have been developed for immobilizing 
antibodies on different solid surfaces through the formation of defined linkages. 
Depending on the physical and chemical properties of the solid support 
surfaces, these linkages could be chemical covalent linkages or physical passive 
adsorption. In the covalent binding format cross linking reagents such as 
glutaraldehyde, carbodiimide and other reagents such as succinimide ester, 
maleinimide and periodate are widely used. However, problems associated with 
the loss of biological activity upon immobilization of antibodies, whether 
covalently bound or physically adsorbed are noticeable in many cases. 
 When antibodies are directly covalently attached158 or passively 
adsorbed159 to solid supports, their specific binding capacity is usually less than 
that of soluble antibodies. One of the main reasons for this reduction is 
attributed to the random orientation of the antibodies on support surfaces. 
 
1.6.1. Oriented immobilization of antibodies and its use in immunoassays: 
The asymmetric macromolecule immunoglobulin G (IgG) is composed of 
two different fragments, F(ab/)2 and Fc. The Fc fragment contains antibody 
effector functions, so it has no antigen binding affinity. The F(ab/ )2 fragment 
contains two identical Fab/  fragments. The antigen-binding site is positioned at 
the amino end of each fragment. 
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Fig. 4. Schematic diagram of an antibody molecule and its fragments 
 
In normal coupling schemes, coupling does not discriminate between 
possible attachment points near or remote from the specific binding site (sites), 
which results in spatial orientation of antibodies on the supports that might 
prohibit formation of an antigen antibody complex. When immobilization 
occurs through the antigen binding sites on the Fab/ portions, the ability of that 
antibody to bind antigen may be severely impaired or eliminated entirely. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (5): Spatial orientation of antibodies on solid supports 
 
To eliminate these drawbacks, several approaches for achieving oriented 
antibody coupling have been developed. In one scheme, antibodies were bound 
to Fc receptors on solid supports, such as protein A, protein G or recombinant 
protein A/G. These Fc receptors bind to the Fc portion of many IgG subclasses, 
leaving the antigen-specific sites free. Unlike secondary antibodies, however, it 
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is believed that there is only a single binding site for these proteins on the 
primary IgG. They do not bind with great affinity to IgM or IgA molecules. 
 
 
           
 
 
Fig. (6): Second antibodies provide an amplified signal compared  
              with Protein A. 
 
The advantage of these proteins is that they provide a universal second 
step for a wide range of primary antibody species. They bind with varying 
affinities to IgG molecules of different species. However, if it is possible, the 
selection of the species specific secondary antibody was always recommended, 
in preference to protein A, G or A/G. The reason for this is that secondary  
antibodies will lead to increased availability and proper orientation of binding 
sites resulting in amplified signals compared with these proteins. Since anti-
globulin antibodies are mostly directed to Fc fragments94, they also provide a 
second antibody technique for oriented immobilization. 
The approach to binding antibodies to immobilize the Fc receptors on 
solid surfaces is by no means a new concept. The first Fc receptor immobilized 
on a solid support was protein A. Protein A was found on the cell wall of 
Staphylococcus aureus. In 1978, Gersten and Marshalonis linked antibody to 
Protein A results in an 
upright oriented 
primary IgG layer. 
Secondary antibodies 
result in an oriented 
plus amplified primary 
IgG layer. 
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protein A-Sepharose to improve its antigen-binding capacity. The procedure 
circumvented the problem of random antibody matrix coupling inherent in the 
cyanogen bromide technique160. In this scheme, the Fc receptor is the key 
element for the oriented immobilization of the IgG antibody. It is expected that 
the receptor has the same affinity to all IgG isotypes to make the receptor 
coupled support a universal inducing matrix for oriented IgG immobilization. 
Protein A has been used successfully to bind the Fc portion of IgG from many 
mammalian species. However, it fails to react with IgG from several other 
species such as goat, sheep, cow and horse161. A more versatile and efficient 
alternative to protein A for binding IgG isotypes is protein G, which is found in 
the cell wall of streptococcus human pathogenic strains of the Lancefield group 
G. Protein G has some advantages over protein A because it reacts with more 
IgG isotypes and it reacts less with other immunoglobulins such as human IgM 
and IgA162. However, it does not bind strongly to several IgGs with which 
protein A reacts well. The third generation of IgG binding Fc receptor, 
recombinant protein A/G is a gene fusion product secreted from a non-
pathogenic form of Bacillus. The secreted protein A/G is designed to contain 
four Fc binding domains from protein A and two from protein G163. This makes 
it combine the IgG binding profiles of both protein A and G. Recently, all three 
kinds of Fc receptors have been successfully immobilized on different affinity 
gels to bind IgG antibodies. 
Another strategy for oriented coupling relies on the chemical or enzymic 
oxidation of the IgG carbohydrate moiety. Immunoglobulins contain 
carbohydrate moieties linked mainly to the CH2 domain of the Fc fragment. 
Under mild conditions, the hydroxy groups of the carbohydrates can be 
oxidized to aldehyde groups without significantly impairing the active sites of 
the antibody. The oxidized antibodies can then be immobilized to hydrazide-
activated supports via their oxidized groups by forming covalent hydrazone 
bonds. The third method is to utilize the sulfhydryl group of the Fab/  fragment 
to create an oriented antibody fragment. This can be achieved by first making 
F(ab/ )2 with pepsin digestion, followed by reduction of the disulphide bond 
between monovalent Fab/ fragments, or by using artifacial Fab/ fragments 
produced by molecular genetics techniques. The sulfhydrile group formed in the 
C-terminal region of the fragment can be used to couple the fragment to an 
insoluble support in such a way that its antigen binding site is available for 
interaction with antigen. The concept of oriented immobilization of antibodies 
relying on the oxidation of IgG carbohydrate moieties appeared in the mid 
1980’s. O’Shannessy and Quarles (1985) demonstrated in a preliminary 
experiment that periodate-oxidized goat antibody retained its biological activity 
after binding to a hydrazide-containing solid support164. Subsequently, a general 
method for binding glycoproteins with specific sites to hydrazide supports was 
described by O’Shannessy and Hoffman in 1987165. Subsequently antibodies 
from several species were investigated by the same workers166 to determine 
their ability to bind to hydrazide gels and to determine the activity of the bound 
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antibody. Parameters such as the pH of the oxidation, the pH of the binding and 
coupling time were optimized. The antigen binding capacity of the antibody 
coupled to the supports (mol Ag bound/mol Ab coupled) ranged from 0.6 to 
1.35, depending on the size of the bound antigen. Prisyazhnoy and his co-
workers used a similar method for coupling oxidized rabbit anti-mouse IgG to 
two different gel supports. They suggested that the antigen-binding capacities 
ranged from 1.1 to 1.6, depending on the support used167. 
 The most common method for the immobilization of antigens and 
antibodies in solid-phase immunoassays has been simple passive adsorption168. 
This procedure for immobilizing proteins and other biologically active 
macromolecules simply require contacting the pre-activated membrane with a 
solution of the desired ligand. This is best accomplished by spot wetting or line 
coating of solution onto the membrane or immersion of the membrane into the 
solution (Saturation, or static soaking). 
  This procedure is used despite evidence that passive adsorption of 
proteins on hydrophobic surfaces can produce substantial conformational and 
functional changes in proteins169-181. It is also common for investigators to 
immobilize capture antibodies (Cabs) using an adsorbed anti-globulin182-184.   
 Butler and his co-workers have studied both methods of immobilization 
and demonstrated that greater than 90% of monoclonal and 75% of polyclonal 
capture antibodies (Cabs) are denatured by passive adsorption. On the other 
hand, the use of antiglobulin to immobilize CAbs had the most dramatic effect 
on the proportion of functional CAbs and this was particularly striking for 
mAbs. The substantial increase in the number of functional CAbs for all CAbs 
(monoclonal or polyclonal) when they are immobilized using an antiglobulin 
suggests that this method displays the Cab in a more native conformation. 
Especially interesting is that unlike adsorbed passively CAbs, the functional 
CAb values for anti-globulin immobilized CAbs significantly exceeded 100%, 
in some CAbs and approaches 200% for some monoclonals. This indicates that 
both binding sites of these mAbs can simultaneously capture a molecule of 
antigen159.  
 In addition to the orientation of surface-coupled antibodies, several other 
factors such as steric hindrance caused by neighboring antibodies at high 
surface concentration, the distance between the coupled antibodies and the 
support surface and the modified conformation, also influence antigen binding 
capacity.  
 Matson and Little185 and other workers186,187 have studied the relationship 
between the activity and surface antibody concentration. Their results showed 
that steric hindrance created by crowding of adjacent antibody molecules 
immobilized via oriented or random coupling mechanisms lead o the same net 
effect, a decrease in antigen binding efficiency. Spitznagel and co-workers188,189 
studied the effects of surface density and orientation on the immobilized 
antibody and antibody fragments. For all immunosorbents, a high protein 
loading, leads to relatively low specific activities. At higher loading, the activity 
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of immobilized whole antibody was lower for the large antigen than for the 
small hapten, whereas no effect of the hapten size on the activity was observed 
for either immobilized Fab or Fv fragments. No significant changes in the 
conformation of active immobilized antibodies were observed. The most 
interesting results in the study were that immobilized Fv fragments had the 
highest binding capacities, which indicated that removing unnecessary protein 
domains can be beneficial for improving the total capacity of immunosorbents. 
 It is often mentioned that covalent immobilization might resolve the 
disadvantages of passive adsorption. However, CAbs immobilized covalently to 
microtitre wells do not perform any better than those passively adsorbed CAbs 
190. Antibodies covalently immobilized on polystyrene beads are also found to 
be functionally inactivated191. 
        
1.6.2. Comparison between immobilized polyclonal and monoclonal 
          antibodies: 
 To explain the basis of the performance difference between polyclonal 
antibodies (pAbs) and monoclonal antibodies (mAbs), Butler et al (1993) have 
shown that retention of functional binding sites is not an obvious consequence 
of affinity. They have also observed marked susceptibility to denaturation of 
mAbs at a lower concentration, which appears to have little effect on pAbs159. It 
had been suggested that the heterogeneity of the IgG population or the presence 
of other proteins, might add stability as shown for preservation of antigenic 
activity180,192.  One explanation for the difference between mAbs and pAbs is 
that mAbs may cluster differently than do polyclonals193,194. 
 In covalent oriented immobilization, several workers have succeeded in 
detecting the dramatic increase in the antigen binding capacity of periodate 
oxidized polyclonal antibodies, but failed to detect any significant alteration in 
the capacity of periodate oxidized monoclonal antibodies. Matson and Little 
suggested that both the antigen binding site and the carbohydrate moiety of the 
monoclonal antibody could have been damaged during the affinity purification 
and excessive oxidation, so milder conditions for the purification and the 
conversion into aldo-IgG should be examined185. Highsmith and his co-workers, 
attributed the situation to the presence of carbohydrate moieties in the Fab’ 
regions of some monoclonal antibodies195. However, the data from Solomon et 
al (1990) report indicated that enzyme oxidation of monoclonal antibodies 
before the oriented immobilization improved the specific capacity of the 
antibodies196.  
 
1.7. Validation of qualitative and semi-quantitative assays: 
Validation is the evaluation of a process to determine its fitness for a 
particular use. A validated qualitative assay consistently provides test results 
that identify subjects as positive or negative for a particular analyte and, by 
inference, accurately predicts the status of subjects under test with a 
predetermined degree of statistical certainty197. 
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 Technical evaluation or assay validation is the first step in the assessment 
of the performance of a newly developed immunoassay system. Evaluation of 
immunoassays requires an efficient protocol and objective criteria143. Various 
specific experimental approaches can be used to test the performance of a 
method and to determine whether it meets the defined goals. 
The methods of evaluation may vary somewhat with the assay format. 
Nonetheless, the assay should be tested with regard to precision, sensitivity, 
accuracy, and specificity (in that order); should be compared with another 
method, preferably a reference method using actual clinical/field samples; and 
should be tested for lot-to-lot variation. Furthermore, potential sources of errors 
must be understood and evaluated for a given immunoassay system143. 
By considering the variables that affect an assay’s performance, the 
criteria that must be addressed in assay validation become clearer. The variables 
can be grouped into three categories: (a) the sample – factors hat affect the 
concentration and composition of analyte in the serum sample (b) the assay 
system - factors affecting the capacity of the assay to detect a specific analyte in 
the sample and (c) the test result - the capacity of a test result, derived from the 
assay system, to predict accurately the status of the subject relative to the 
analyte in question. 
Factors that affect the concentration and composition of analyte in the 
serum sample are age, sex, nutritional status, pregnancy in addition to 
constituents of the drinking water and food stables as well as contamination and 
deterioration of the sample which may also affect the analyte in the sample. 
Factors that interfere with the analytical accuracy of the assay system are 
reagent choice and calibration, accuracy of controls, reaction vessels, water 
quality, pH and ionicity of buffers and diluents, incubation temperatures and 
durations, and error induced by closely related analytes such as cross reacting 
compounds or heterophilic antibodies. 
 Factors that influence the capacity of the test result to predict accurately 
the analyte status of the subject (predictive value) are diagnostic sensitivity (D-
SN), diagnostic specificity (D-SP), and prevalence of the disease targeted by the 
assay. D-SN and D-SP are derived from test results on samples obtained from 
selected reference subjects. The degree to which the reference subjects represent 
all of the environmental variables in the population targeted by the assay has a 
major impact on the accuracy of test result interpretation198. 
 The capacity of a positive or negative test result to predict accurately the 
disease status of the subject is the most important consideration of assay 
validation. This capacity is not only dependent on a highly precise and accurate 
assay and carefully derived estimates of D-SN and D-SP, but is heavily 
influenced by prevalence of the disease in the targeted population. Without a 
current estimate of the disease prevalence in that population, the interpretation 
of a positive or negative test result may be compromised197,199. 
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1.7.1. Analytical sensitivity and specificity: 
The analytical sensitivity of the assay is the smallest detectable amount of 
the analyte in question, and analytical specificity is the degree to which the 
assay does not cross react with other structurally related analytes. These 
parameters are distinguished from diagnostic sensitivity and specificity as 
defined below. 
 
1.7.2. Diagnostic sensitivity and specificity: 
Estimates of diagnostic sensitivity (D-SN) and diagnostic specificity (D-
SP) are the primary parameters obtained during validation of an assay. They are 
the basis for calculations of other parameters from which inferences are made 
about test results. Therefore, it is imperative that estimates of D-SN and D-SP 
are as accurate as possible. Ideally, they are derived from testing a series of 
samples from reference subjects of known history and status relative to the 
disease in question. 
Diagnostic sensitivity measures how well the test correctly identifies 
those patients who have the disease. It is also the proportion of known reference 
subjects who test positive in the assay. Affected subjects who test negative are 
considered to have false-negative results. Diagnostic specificity measures how 
well the test correctly identifies those patients who do not have the disease. It 
may also be identified as the proportion of unaffected (healthy) reference 
subjects who test negative in the assay. Unaffected subjects who test positive 
are considered to have false- positive results199.  The number and source of 
reference samples used to derive D-SN and D-SP are of paramount importance 
if the assay is ever to be properly validated for use in the general population of 
people targeted by the assay.  
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1.8. The proposed design: 
 The proposed design for this study is a simple test strip, which consist of 
two pads, a test pad and a reference pad as shown on Fig. (7). The analyte test 
pad mounted on the lower part of the test strip is to evaluate T4 level. The 
reference pad mounted immediately above the test pad on the test strip is a built 
in threshold “cut-off” pad for the detection of hypothyroidism. This pad is 
incorporated in the test strip to continuously indicate the lower limit of the 
normal range for T4 and in so doing act as a reference for comparison with the 
test pad to facilitate the detection of hypothyroidism. 
Setting of the cut-off point could be achieved by controlling the anti-
peroxidase antibody loading on the “cut-off” pad. The anti-peroxidase antibody 
on the cut-off pad would be adjusted to give a colour equivalent to that given by 
the test pad if the later is immersed in a reference sample containing the lower 
limit of the normal range for serum thyroxine (50 nmole/l). T4 test pad produce 
a colour inversely proportional to T4 concentration in the unknown sample.  
After colour development step, if the colour of the T4 test pad (located at 
the lower part of the test strip) is darker than the colour of the cut-off pad, then 
the test result would be scored as hypo-, if the colour intensity is lighter than the 
cut-off pad then the test may be eu- or hyperthyroid. 
  This design is based on the "enzyme -channeling" immunoassay 
technique, and a GOase-horseradish peroxidase enzyme pair were used to 
immunospecifically generate an insoluble, coloured reaction product on the test 
strip surface. Test strips are composed of two active surfaces, each of which 
contains co-immobilized GOase and an antibody. The test (indicator) pad 
contains antibody directed against the analyte, and the intensity of the colour 
that develops on its surface is inversely proportional to the concentration of the 
analyte in the sample. 
The reference pad contains anti-peroxidase antibody and GOase and is used 
to set the cut off point for hypothyroidism as well as to normalize for variations 
in temperature, timing, and sample interference (as enzyme activities are subject 
to temperature dependence, sample interference and have finite thermostability). 
The proposed assay protocol involves incubating the strip in sample, then 
incubating it in a developer solution containing glucose, a peroxidase insoluble 
chromogenic substrate, and a peroxidase conjugate of the analyte. The ratio of 
the colour formed on the cut-off pad is used to score the test as hypothyroid or 
not, providing a “yes/No” answer. If the colour of the test pad is darker than that 
of the cut-off pad then the test will be scored as hypothyroid, if it is lighter, then 
the test result will exclude hypothyroidism (and the case may be eu- or 
hyperthyroid case). 
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Fig. (7): Schematic diagram showing the proposed test strip with its two active  
               surfaces. 
 
1.9. Justification of overall problem: 
 Hypothyroidism caused by iodine deficiency is a national problem in 
Sudan. The development of simple, rapid, cheap and easy to use diagnostic tests 
will be of indispensable value for the early diagnosis and early initiation of 
treatment for hypothyroidism particularly for neonates. Therefore, the need arises 
for the development of dip stick assays for thyroxine which can return an 
immediate answer without the need for highly trained personnel or specific 
equipment and which can be done in the remote and isolated areas, where the 
time factor is vital and the transfer of samples to the specialized laboratory is 
almost impossible. The advantages of this design, and consequently, the 
justification of overall problem will be clear from the following: 
 
(1) The iodine deficient areas are usually remote, isolated and very far from the   
capital where neonatal filter paper RIA screening is normally done.  
      Besides, filter paper spot samples cannot be mailed and received on time. 
(2) Most of the neonates in these areas are not born in hospitals, but born at the 
home and the need arises for the development of a rapid home test which 
can be done by the midwife with or without a minimal training.  
(3) The test should be done within the first few days of life and the sooner the 
treatment begins, the less is the degree of brain damage and the better the 
outcome. 
 
Plastic support with 
two active surfaces 
The test pad 
The reference pad 
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(4) It doesn't require specially trained personnel and can be done by the midwife 
or any non-specialized person (home test or bed-side test). 
 
(5) It comprises a visual colour change (seen by the naked eye) and does not 
require specific equipment like Gamma counters or ELISA readers. 
 
(6) Like other immunoassays it enjoys the advantages of high sensitivity and 
specificity. 
 
(7) It is easy to perform and gives an immediate answer, which is a vital 
requirement for early initiation of treatment. 
 
(8) Dip stick assays are usually suitable for screening programes at the endemic 
areas. 
     
1.10. Detailed objectives of the study: 
 
(1) To develop simple, sensitive and rapid enzyme immunoassay test strips for 
thyroxine, which will return reliable qualitative results without the need for 
trained personnel or sophisticated equipment, and which can be done by the 
midwifes in the remote and isolated areas, where specialized laboratories or 
medical services are scarce. 
 
(2) The design should be self-contained, with a built-in reference standard 
which eliminate the need to run "cut-off" standard tests in parallel with the 
samples. 
 
(3) The design should be manipulated to be amenable to quantification when the 
situation dictates the need, by use of cheap, affordable and portable 
reflectometers and a set of standards to be used in parallel with the test. 
    
(4) To optimize and validate, these assays to be used with serum and whole 
blood as well as to be used in the field as screening tests. 
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Materials and experimental development strategy 
 
2.1. Materials used: 
2.1.1. General-purpose chemicals: 
          The general purpose chemicals used in this study are listed in 
           appendix (1) at the end of this thesis.  
 
2.1.2. Enzymes: 
(1) Horseradish peroxidase (Donor: hydrogen-peroxide oxidoreductase; EC 
          1.11.1.7), Type VI, from Sigma Chemical Company, Product No.  
          P-  8375, Lot No. 116H9508. 
(2) Glucose Oxidase (Type V), β-D-Glucose:Oxigen 1-Oxidoreductase; EC  
          1.1.3.4, From Aspergillus niger, obtained from Sigma Chemical 
          Company (St. Louis, MO, U.S.A.), Product No. G9010,  
          Lot No. 37H38091. 
(3) Catalase (scavenger enzyme), From Sigma Chemical Company, Product 
           No. C-1151. Lot No. 1232. 
 
2.1.3. Enzyme conjugates: 
(1) Thyroxine (T4) – HRP conjugate, from Europa Bioproducts Ltd, 
          Cambridge, UK, Catalogue No: FZ65-IT50, Lot No: C02061401. 
(2) Thyroxine (T4) – HRP conjugate, from dbc-Diagnostics Biochem. 
          Canada Inc, Catalogue No: CAN-T4-4240-2. 
(3) Progesterone-HRP conjugate, from dbc-Diagnostics Biochem. Canada 
          Inc, Product Code : CAN-P-305-2. 
   
2.1.4. Chromogens: 
(1) 4-chloro-1-naphthol from Sigma Chemical Company, Product No.  
          C-8890, Lot No. 57H0861. 
(2) 3-amino-9-ethylcarbazol (AEC) from Sigma Chemical Company, 
          Product No. A-5754, Lot No. 97H6127. 
(3) 3,3’, 5,5’-tetramethylbenzidine (TMB) dihydrochloride, from Sigma  
          Chemical Company, Product No. T-8768, Lot No. 109H2608.  
 
2.1.5. Blocking agents: 
(1) Gelatin (Byco A), Croda Colloids Ltd, Cheshire, England, Lot No. 3802. 
(2) Bovine Serum Albumin (BSA) fraction V, from Sigma Chemical 
          Company, Product No. A-4503, Lot No. 75H0113.   
(3) Casien , sodium salt, from bovine milk obtained from Sigma Chemical 
          Company, Product No. C-7078, Lot No. 100K0223. 
(4) Casien (Hammerstein), from BDH, Product No. 440203H, Lot No.   
          VL159717. 
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(5) Polyvinylpyrrolidone (PVP-25), from Fluca, Cat. No. 8400, Lot No.  
          433777/1. 
 
2.1.6. Detergents: 
(1) Triton QS-44 (anionic surfactant) from Sigma Chemical Company,    
          Product No. QS44, Lot No. 129F0412. 
(2) Triton X-100 (peroxide and carbonyl free) from Sigma Chemical  
           Company. Product No. X-100-PC, Lot No. 64T511. 
(3) Polyoxyethylenesorbitan  monolaurate (Tween 20) from Sigma Chemical  
          Company, Product  No. P-1379, Lot No. 24H0444. 
(4)     Sodium dodecyl sulphate (SDS), from Aldrich, Cat. No. 85,192-2, Lot 
          No. 03217-056. 
 
2.1.7. Specific antibodies and immunoglobulins: 
(1) Monoclonal primary anti-T4 antibodies: 
a. Monoclonal Anti-Thyroxine antibody, clone BGN/0980/322, Batch No.  
     20081851. Obtained from Biogenesis, Poole, England. 
b. Monoclonal anti-T4 antibody, Lot No. 4G3.080793 obtained from 
Thailand. 
 
(2) Polyclonal primary ani-T4 antibodies: 
a. Locally produced polyclonal anti-T4 raised in sheep (Sudan Atomic 
Energy Commission, RIA reagents production unit). 
b. Sheep polyclonal anti-T4 antibody, Lot No. SH6/14, obtained from 
Thailand. 
 
(3) Locally produced polyclonal anti-progesterone antibody raised in sheep 
          (Sudan Atomic Energy Commission, RIA reagents production unit). This 
          locally available anti-progesterone antibody was included in this study in 
          order to check the suitability of this membrane-based ECIA for the 
          different small molecules (haptens).  
  
(4) Anti-Horseradish peroxidase antibodies: 
a. Goat Anti-Horseradish Peroxidase, Sigma product No. P5774, lot No.  
     124H89921 
b. Mouse Monoclonal Anti-Peroxidase, Ascites Fluid, Clone No. P6-38,  
          Isotype Mouse IgG, Sigma Product No. P-2419, Lot No. 074H4838. 
c. Rabbit Anti-Horseradish Peroxidase, Sigma product No. P7899, Lot No.  
          100K9210. 
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(5) Secondary antibodies (anti-species antibodies): 
a. Anti-Mouse IgG (Whole molecule), obtained from Sigma Chemical    
     Company, Cat. No. M-5899,  lot No.121K4822, Developed in goat    
    (Delipidized whole antiserum). 
b. b. Donkey anti-sheep serum, DASS was locally produced in Sudan 
Atomic Energy Commission in part for the purpose of this study and 
partially for many other applications. 
 
(6) Immunoglobulins: 
a. Sheep IgG, obtained from SCIPAC, Code No: A102-1, Lot No: 118-57 
b. Mouse IgG, obtained from Sigma Chemical Company, Product No. M  
          9269, Lot No. 033K4861. 
c. Rabbit IgG, Cohn Fraction II, from  Feinchemica, Heidelburge,  
          Germany, Cat. No. 22540. 
 
(7) Affinity purification kit (MAb Trap Kit) from Amersham Biosciences,  
          Cat. No. 17-1128-01, Lot No. 291483. 
 
2.1.8. Hormone-free human serum: 
          Stripped normal human serum or what is known as hormone -free human 
serum was obtained from HD supplies, UK, product No. HP198RF, Lot No. 
051718. It was used as a zero standard and for spiking with thyroxine in order 
to prepare the different thyroxine concentrations.   
 
2.1.9. Membranes (Solid Phase Supports): 
 Membranes whether binding macromolecules with physical adsorption 
(Nitrocellulose) or covalent linkage (Nylon and polyether sulphone) were tried. 
Nitrocellulose produced by different manufacturers (even with the same pore 
size) may exhibit quite different intrinsic binding properties, so different 
suppliers’ products with the same porosities (0.45 µm) were tried: 
 
(1) Nitrocellulose membrane filters (0.45µm), Sigma product No. N-9888, 
          lot No. 10B149888. 
(2) Nitrocellulose membrane filters (BioBond NC), (0.45µm), from   
          Whatman, Cat. No. 7031-4503. Lot No. H718703145031C. 01181H. 
(3) Nitrocellulose membrane filters (Hybond-C Extra), (0.45µm), from 
          Amersham Pharmacia Biotech, Catalog No. RPN2020E, Material 
          No.1212424, Batch, No. 151673. 
(4) Nitrocellulose membrane filters  (Hi-Flow Plus), from Millipore  
          Corporation, Cat No. SHF0750405, Lot No. R1AN80464, Code No.  
          RK00231. 
(5) Polyether sulphone membrane (Ultra-Bind US450), from Pall  
          Corporation, Product No. 66544, Lot No. 11914. 
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(6) PVDF membranes (HybondTM-P), (0.45µm), from Amersham  
          Biosciences, Product Code: RPN2020F, Lot No. NC 1073. 
(7)     Cellulose triacetate, from Shandon, Cat. No. 68762006. Lot No. 0548/B 
(8)     Whatman No. 1. filter paper, from Whatman. 
 
2.1.10. Adhesive plastic support for the coated membranes:  
 For easy handling and rigidity, the finished membranes were cut into 
circular discs (5 mm in diameter) and attached to strips of an adhesive plastic 
support. The plastic support is originally a plastic self-adhesive plate sealer 
(pre-cut acetate tape for microtitre plates), from Dynatech Microtiter System, 
Dynatech Laboratories Ltd, Sussex, U.K., Cat. No. M 30. 
 
2.1.11. Locally produced components: 
2.1.11.1. Locally produced antibodies: 
 As the antibody is the cornerstone in immunoassay development, the 
following primary and secondary polyclonal antibodies which were previously 
produced locally in Sudan Atomic Energy Commission, department of 
chemistry and radioactive isotopes, RIA laboratory, were used in the assembly 
of this EIA dip-stick: 
 
2.1.11.1.i. Primary polyclonal antisera: 
1. Anti-T4 antibody was raised in sheep against thyroxine-KLH 
        Immunogen200. 
2. Anti-progesterone antibody was raised in sheep. The progesterone  
        immunogen used for the production of the antibody is 11-α-hydroxy  
        progesterone- BSA conjugate201. 
 
2.1.11.1.ii. Secondary antibodies: 
1. Donkey Anti-Sheep Serum (DASS), produced locally for this study202. 
2. Donkey Anti-Rabbit Serum (DARS)203. 
 All of the above mentioned primary and secondary polyclonal antisera 
were obtained from (Sudan Atomic Energy Commission, RIA laboratory, 
Development and Production Unit). 
 
2.1.11.2. Locally produced T4-kits:  
 Totally locally produced and assembled thyroxine RIA kits, were 
obtained from (Sudan Atomic Energy Commission, RIA laboratory, 
Development and Production Unit) and used for the purpose of comparability 
in validation studies. 
 
2.1.11.3. Serum samples:  
       Patient serum samples for analytical and clinical validation studies were 
obtained from the radioimmunoassay laboratories in Sudan Atomic Energy 
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Commission (SAEC) and Radiation and Isotopes Centre in Khartoum (RICK) 
to be used as test samples. 
 
2.2. Experimental development strategy: 
 Like any immunoassay development, the strategy followed for the 
development of this qualitative, internally referenced thyroxine dip-stick 
consists of four major steps: 
 
1. Preparation of reagents. 
2. Selection of materials. 
3. Assay design and optimization. 
4. Assay validation. 
 The steps outlined above are comprehensively described below together 
with the detailed methods of reagent preparation, material selection, assay 
optimization and validation as well as the detailed protocols for coating, 
blocking and assembly of the different components of the dip-stick. 
 
2.2.1. Reagent preparation: 
 The process of reagent preparation consists of the following steps: 
1. Purification of antibodies. 
2. Preparation of buffers. 
3. Preparation of colour developing solutions. 
 
 Each of the above mentioned reagent preparation steps are detailed 
below: 
 
2.2.1.1. Purification of antibodies: 
 Rapid tests by definition require pure and high affinity antibodies. In 
order to improve the performance of the locally produced antibodies they were 
first purified by chemical methods and they were further affinity purified to 
select the high affinity species of the polyclonal antibody pool which can 
achieve high reaction rates as a pre-requisite for rapid tests. 
   
2.2.1.1.a.  Chemical purification of  the locally produced antisera: 
 The locally produced primary anti-T4 antiserum was previously 
chemically purified immediately after production200 using standard ammonium 
sulphate methods as detailed else where204. The locally produced secondary 
antibody (DASS) was also chemically purified in this study immediately after 
production by isolation of the total donkey immunoglobulins containing the 
specific donkey anti-sheep immunoglobulins using standard ammonium 
sulphate methods. In order to test the functionality of the locally produced 
second antibody (DASS) it was tested as a separation reagent with different 
primary antisera and proved to be working fairly good in this respect205. 
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2.2.1.1.b. Affinity purification of the locally produced antibodies: 
 The locally produced polyclonal antibodies were first chemically purified 
by isolation of the total sheep IgGs, using ammonium sulphate as described 
elsewhere204. The chemically purified antibodies were further affinity purified 
using MAb Trap Kit from Amersham Biosciences. The kit contains one 
column, pre-packed with protein G Sepharose and the necessary ready to use 
buffers. The affinity purification is performed according to the manufacturer’s 
protocol and instructions206. Both the chemically purified antibodies and the 
chemically plus affinity purified ones were tested for performance 
characteristics after purification. 
  
2.2.1.2. Preparation of buffers: 
 Coating solutions, blocking solutions, wash solutions as well as assay 
media should always be buffered. There are many buffers that can be used to 
control the pH of these solutions. Phosphate, borate, TRIS, and carbonate 
buffers are commonly used. A number of commonly used buffers were 
prepared, in a relatively high molarity solutions (0.1 M): 
 
a. Phosphate buffer (0.1 M, pH 7.2).  
b. Phosphate-buffered Saline (PBS, 0.1 M, pH 7.2). 
c. Carbonate buffer (0.1 M, pH 9.5). 
d. Carbonate buffered saline (CBS, 0.1 M, pH 9.5).  
e. Acetate buffer solution (0.1 M, pH 5.5). 
f. Preparation of buffers (pH 1 to pH 14) to be used for the serendipitously 
          developed universal pH indicator. 
         
(a) The phosphate buffer composition (pH 7.2): 
      The following are the weights needed for 0.1 M: 
      Dibasic sodium phosphate anhydrous (Na2HPO4)           14.8 g 
      Monobasic potassium phosphate, anhydrous (KH2PO4)    4.3 g 
 
      Above weights were dissolved in 1 litre of distilled water. 
 
(b) Phosphate buffered saline (PBS) composition (pH 7.2): 
     The following are the weights needed for 0.1 M: 
      0.085 M   Na2HPO4 (anhydrous)            12.1 g 
      0.015 M   KH2PO4 (anhydrous)                2.0 g 
                          NaCl                                     8.0 g 
                          KCl                                       0.2 g 
 
     Above weights were dissolved in 1 litre of distilled water. 
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(c)     Carbonate buffer composition (pH 9.5): 
          The following are the weights needed for 0.1 M: 
           0.03 M Na2CO3                                       3.18 g 
           0.07 M NaHCO3                                      5.86 g 
 
 Above weights were dissolved in 1 litre of distilled water.              
 
(d) Carbonate buffered saline (CBS) composition: 
        The carbonate buffered saline was made from the same constituents as 
           the carbonate buffer and addition of 0.9% NaCl. 
  
(e) Acetate buffer solution (pH 5.5):  
          In order to prepare 0.1 M solution, weigh out 8.20 grams of anhydrous 
           sodium acetate and dissolve in 1 litre of distilled water. Adjust pH with 
           citric acid. 
 
(f) Preparation of buffers for pH 1 to pH 14: 
 Buffers covering the complete pH scale from pH 1 to pH 14 in steps of 1   
pH units were prepared according to the following methods: 
(1) Clark and Lubs solutions, pH 1 and 2207: 
      pH 1:  To 25 ml of 0.2M KCl (14.919 g/l) add 67 ml of 0.2M HCl and 
                 complete to 100 ml with distilled water. 
      pH 2: To 25 ml of 0.2M KCl (14.919 g/l) add 6.5 ml of 0.2M HCl and 
                 complete to 100 ml with distilled water. 
(2) Citric acid-Na2HPO4 (Mcllvaine) buffer solutions, pH 3, 4, 5, 6 and 7208: 
      Citric acid monohydrate, M.wt. 210.14, 0.1M solution 
      contains 21.01 g/l. Na2HPO4 , M. wt. 141.98; 0.2M solution contains 
      28.4g/l. x ml of 0.1 M citric acid and y ml of 0.2 M Na2HPO4 were mixed to 
      give the following:  
     pH 3: 79.45 ml of 0.1 M citric acid mixed with 20.55 ml of 0.2 M Na2HPO4. 
     pH 4: 61.45 ml of 0.1 M citric acid mixed with 38.55 ml of 0.2 M Na2HPO4. 
     pH 5: 48.50 ml of 0.1 M citric acid mixed with 51.50 ml of 0.2 M Na2HPO4. 
     pH 6: 36.85 ml of 0.1 M citric acid mixed with 63.15 ml of 0.2 M Na2HPO4. 
     pH 7: 17.65 ml of 0.1 M citric acid mixed with 82.35 ml of 0.2 M Na2HPO4. 
(3) Na2HPO4- NaH2PO4 buffer solutions: 
      pH 8: To 47.35 ml of 0.2 M Na2HPO4 add 2.65 ml of 0.2M NaH2PO4209. 
(4) Clark and Lubs solutions210: 
      pH 9: 50 ml of a mixture 0.1 M with respect to both KCl and H3BO3 (7.455 
                g KCl and 6.184 g H3BO3/L), and 20.8 ml of 0.1 M NaOH; diluted to 
                100 ml with H2O. 
(5) Carbonate-hydroxide buffer solution211: 
      pH 10: To 50 ml 0.05 M NaHCO3 (4.2 g/l) add 10.7 ml of 0.1M NaOH and 
                  complete to 100 ml with distilled water. 
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(6) Phosphate-hydroxide buffer solution211: 
      pH 11: To 50 ml of 0.5 M Na2HPO4 add 4.1 ml of 0.1 M NaOH and 
                  complete to 100 ml with distilled water.      
(7) Hydroxide-chloride buffer solutions211: 
      pH 12: To 25.0 ml of 0.2 M-KCl add 6.0 ml of 0.2M NaOH diluted to 100 
                   ml with distilled water. 
      pH 13: To 25.0 ml of 0.2 M-KCl add 66.0 ml of 0.2M NaOH diluted to 100 
                   ml with distilled water. 
(8)  pH 14: Weigh out 4.0 g of NaOH and dissolve in 100 ml of distilled water. 
 
2.2.1.2.a. Preparation of coating buffers: 
 All the buffers prepared above were used to prepare coating solutions by 
diluting proteins to be coated. Coating solutions normally contain a percentage 
of alcohol to facilitate protein partioning onto the solid phase membrane, but 
the minimum possible that can not lead to denaturation. They also contain the 
minimum of sodium chloride ions to maintain proteins soluble in the coating 
solution if necessary.  
 
2.2.1.2.b. Preparation of blocking buffers: 
 As both coating and blocking processes involve immobilization of 
proteins, the same coating buffers were prepared and tested as blocking buffers 
by inclusion of different blocking agents, each at different concentrations. 
 
2.2.1.2.c. Preparation of wash buffers: 
 All of the buffers and buffered salines prepared above were tested as 
wash buffers without additives or detergents or with the appropriate detergents 
and additives at low concentrations. 
 
2.2.1.2.d. Preparation of assay buffers: 
 All of the buffers and buffered salines prepared above were tested as 
assay buffers. The constitution of the assay buffer normally contain inert 
proteins (BSA, Gelatin, etc..) and/or surfactants in order to discourage 
nonspecific binding. 
 
2.2.1.2.d.i. Addition of the releasing agent to the assay buffer: 
Unlike the previously reported dipstick assays for haptens, the analyte 
molecule (thyroxine) in this study is not present in a free form in the analysis 
medium, but largely bound to carrier proteins (thyroid binding globulin (TBG), 
albumin and prealbumin). This bound antigen needs to be released from the 
carrier proteins prior to determination. The releasing agent in case of thyroxine 
is 8-anilino-sulphonic acid (ANS) ammonium salt. ANS is added to the assay 
buffer at 0.8 mg/ml (4 mg/5 ml). 
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2.2.1.3. Preparation of colour developing solutions: 
 Three colour developing substrates, 4-Chloro-1-naphthol (CNP), 3-
Amino-9-ethyl carbazole (AEC) and 3,3´,5,5΄-tetramethylbenzidine (TMB) 
were tested in this study and were prepared as follows: 
 
2.2.1.3.a. Preparation of CNP substrate solution: 
 CNP is not soluble in aqueous buffers such as Tris or phosphate buffers 
and must be dissolved in ethanol or methanol prior to addition to a substrate 
buffer. CNP was dissolved in absolute ethanol at 3 mg/ml to make a stock 
solution. The stock solution was stored in a brown bottle in the dark at -20º C. 
This preparation can be used within one year112.                
 The working CNP colour development solution is made of phosphate 
buffered saline (pH 7.2) containing per litre, 2g of bovine serum albumen, 300 
mg of CNP, 50 mmol of β-D-glucose62. The chromogen (stock solution) was 
added to the buffer first, then filtered and followed by the addition of the 
blocking agent and the β-D-glucose. 
   
2.2.1.3.b. Preparation of AEC substrate solution: 
 AEC stock solution is prepared by dissolving 5 mg AEC/ml in any 
anhydrous aprotic solvent, such as dimethyl formamide (DMF) or dimethyl 
sulphoxide (DMSO). The working substrate solution is prepared by adding 50 
µl of the stock solution/ml of 0.1 mol/L acetate solution, pH 5.519. 9g (50 
mmol) of β-D-glucose were added per liter of the developer solution. 
 
2.2.1.3.c. Preparation of TMB substrate solution:  
 TMB stock solution for membrane-based assays was prepared by 
dissolving 6 mg TMB/ml in DMSO. Working TMB substrate solution for 
dipstick assay consisted of 400 µL of TMB stock solution plus 1 ml of DSS 
solution (8 mg/ml in ethanol) plus 3.6 ml of 0.01 M sodium acetate (pH 5.5) or 
phosphate (pH 7.2) buffers25,212. Then, 0.045 g (50 mmol/L) of β-D-glucose 
was added and dissolved.  This 5 ml preparation is enough for at least 30 tests.  
  Hydrogen peroxide was omitted from each of the above preparations, as 
it can be liberated freshly in situ during the test by GOase immobilized on the 
surface of the test strip and β-D-glucose dissolved in the developer solution.  
   
2.2.2. Selection of materials: 
 Reagent selection, optimization and assay validation are not sequential 
steps and their roles can be overlapping. Selection of reagents, intrinsically 
requires some optimization of the process in which they are being evaluated. In 
actual practice, assay development thus tends to be a cyclic process; decisions 
taken at early stages (e.g., reagent selection or assay conditions) are provisional 
and may be changed because of results obtained later213. Therefore, final 
selection will depend on the experimental findings after selecting these reagents 
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under later optimized conditions. Here are some guides followed during 
preliminary selection of materials which were considered provisional and later 
modified depending on the experimental findings:  
1. Selection of solid phase membrane. 
2. Selection of buffers for the different applications. 
3. Selection of suitable antibody for immobilization. 
4. Selection of suitable blocking agent for the membrane surface. 
5. Selection of suitable enzyme tracer. 
6. Selection of suitable developer solution. 
 Each of the above mentioned procedures are comprehensively detailed 
below: 
 
2.2.2.1. Selection of membranes: 
One of the first steps in the development of membrane-based enzyme 
immunoassay test strips is the selection of the suitable solid phase support. 
Various types of membrane polymers are available commercially for various 
applications and the suitable type of polymer for the particular application 
should be selected.  
 It is well known that different types of membranes produced by different 
manufacturers may offer quite different intrinsic binding properties and 
capacities as well as different de-sorption properties, even if they were of the 
same pore size. Therefore, product developers must re-investigate and optimize 
their membrane selection for each assay they develop214. Concerning the type 
of binding there are two types of membranes, those, which adsorb proteins 
physically, and those with pre-activated surfaces and, which can bind proteins 
chemically. Varying the membrane material and the supplier when the material 
is same is of a crucial importance for successful selection. Samples of each type 
from different manufacturers were tested in this study. 
 
2.2.2.1. a. Membrane polymers for passive physical adsorption: 
 There are two types of membranes for passive physical adsorption, those 
which bind proteins by hydrophobic and electrostatic forces and those which 
bind proteins only hydrophobically. Of those which bind proteins by both 
forces, products from four different manufacturers were obtained and tested.  
 
(1) Nitrocellulose membrane filters, From Sigma Chemical Company. 
(2) Nitrocellulose membrane filters (BioBond NC), from Whatman,   
(3) Nitrocellulose membrane filters (Hybond-C Extra), from Amersham  
          Pharmacia Biotech.  
(4) Nitrocellulose membrane filters  (Hi-Flow Plus), from Millipore Corp. 
 Of the membranes which bind proteins only hydrophobically, an only 
one type known as polyvinyledine diflouride PVDF (HybondTM-P) membrane, 
obtained from Amersham Biosciences was tested. 
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2.2.2.1.b. Membrane polymers for covalent chemical linkage: 
 An only one type of pre-treated active surface membranes, that bind 
proteins chemically, was tested. This was Polyether sulphone, UltraBind 
US450 from Pall Corporation. 
 Membranes were selected for this study on the basis of colour intensity 
after testing and colour development. Samples of each of the above types of 
membranes were coated with the anti-thyroxine antibody and GOase, and the 
remaining free binding sites were blocked. Tests were performed using analyte 
free buffers in the first step, followed by colour development. As the analyte-
free buffers develop the most intense possible colours offered by each 
membrane, then the best membrane would be the one, which develops the most 
intense colour with the analyte free buffer. Table (1) shows the characteristics 
of membranes investigated for antibody and GOase co-immobilization. 
 
Table (1): Characteristics of the membranes investigated for antibodies and 
GOase immobilization. All membranes exhibited a uniform pore size of 0.45 
µm. 
 
Name of 
membrane 
Supplier Material Binding  
Characteristics 
NC Sigma 
Chemical 
Company 
Nitrocellulose Electrostatic/ 
Hydrophobic  
BioBond NC Whatman Nitrocellulose Electrostatic/ 
Hydrophobic 
HybondTM-C 
Extra 
Amersham 
Pharmacia 
Biotech 
Nitrocellulose Electrostatic/ 
Hydrophobic 
Hi-Flow Plus Millipore 
Corporation 
Nitrocellulose Electrostatic/ 
Hydrophobic 
HybondTM-P  Amersham 
Biosciences 
Poly(vinylidene 
fluoride) 
Hydrophobic 
UltraBind Pall 
Corporation 
Polyether 
sulphone                  
Covalent 
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 The following criteria should be met, during the selection of membranes 
for rapid test applications: 
 
(1) The suitable membrane for rapid tests should possess a high protein 
binding capacity to produce very strong specific signals at low analyte 
concentrations, and the minimal non-specific binding properties to 
produce clear background contrast, for easy “visual” colour 
discrimination at various analyte concentrations. 
(2) The suitable membrane for rapid tests should possess small pore sizes 
and consequently offer a high surface area for maximal protein binding. 
(3) The suitable membrane for rapid tests should not develop high non-
specific background signals, which necessitate extensive washing during 
assay performance and which in turn imply additional steps undesirable 
for rapid tests. 
(4) The suitable membrane for rapid tests should provide a white surface for 
excellent colour discrimination. 
(5) The suitable membrane for rapid tests should offer improved reaction 
kinetics and consequently short reaction times required for rapid tests. 
(6) The suitable membrane for rapid tests should offer high mechanical 
strength for easy handling and processing. 
(7) The suitable membrane for rapid tests should offer high stability and long 
shelf life after coating, which is a pre-requisite for field tests. 
  
2.2.2.2. Selection of buffers for the different applications: 
 The type of buffer as well as its ionic strength, pH, salt and detergent 
content have a profound effect on the performance of a buffer in a particular 
application; therefore, advance knowledge of the effect of these parameters is 
of crucial importance during selection of the appropriate buffer for a particular 
application (coating, blocking, washing, assay or any other application). A 
particular buffer may be appropriate for a particular application while a totally 
different buffer may be better for another application in the same development 
process. There are many buffers that can be used to control the pH of these 
solutions. Phosphate, borate, TRIS, and carbonate buffers are commonly used. 
For the different application purposes some of these buffers are better than 
others, and some relatively uncommon ones might be even better. Phosphate, 
carbonate, acetate, citrate and their buffered salines were prepared and tested in 
this study as coating, blocking, washing, assay and substrate buffers. 
 Above mentioned buffers, at different ionic strengths and without 
additives were tested for the different applications, then after selection of the 
appropriate buffer for a particular application, the effect of the different specific 
additives for each particular application were separately determined. Selection 
of appropriate buffers for the different applications was done on the following 
sequence: 
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(a) Selection of the suitable coating buffer. 
(b) Selection of the suitable blocking buffer. 
(c) Selection of the suitable wash buffer. 
(d) Selection of the suitable assay buffer. 
(e) Selection of the suitable developer solution buffer. 
 
2.2.2.2.a. Selection of a suitable coating buffer: 
 For a new assay it is recommended to investigate if one of the buffers is 
indeed the most appropriate. The frequent use of a given buffer is not 
necessarily a proof of its superiority.  Sometimes the pH of the coating buffer 
can markedly influence the amount of a particular antibody that can bind to the 
solid phase while having no effect on other antibodies94. Hence, it is often 
desirable to establish the type of buffer, its optimal pH as well as its ionic 
strength in a particular application. The optimum concentrations of the 
additives to the coating solution (alcohol, detergent, protein, etc.) were also 
determined experimentally. 
   
2.2.2.2.a.i. Choosing ionic strength of the selected coating buffer: 
 Ions in solution may interfere with electrostatic interactions between the 
membrane and the coated proteins, this means that the molarity of the buffer 
should be lowered to the minimum required to maintain stable pH (usually 
around 10 mM). As the solubility of the capture reagent (antibody) in the 
coating solution decreases, the tendency of the antibody to bind to (partition 
onto) the membrane increases. The physiological concentrations of buffer salts 
and sodium chloride (~0.15 M) promote the solubility of most proteins and 
reduce the hydrophobic attraction of the nitrocellulose membrane.  
 Therefore, use of buffered saline solutions (e.g., PBS, BBS, TBS) as 
coated proteins diluents is generally not recommended and Sodium chloride 
salt should be eliminated in coating solutions unless absolutely necessary to 
ensure protein solubility or stability144. 
 Depending on the above mentioned literature information, all the buffers 
prepared above (except carbonate) were experimentally tested at different ionic 
strengths (0.01, 0.05, 0.1 M) in order to determine the suitable molarity for 
coating both proteins. The buffered saline solutions with different sodium 
chloride content (0.15, 0.30, 0.45, 0.60, 0.9% and 1.8%) were prepared and 
tested. As there are two different proteins, with different solubility in this study 
sodium chloride may be needed to insure their solubility.  
 
2.2.2.2.a.ii. Choosing pH of the coating buffer: 
 In addition to ionic strength, the other factor that influences protein 
solubility is pH. Solubility is at a minimum when the protein has no net charge 
(the pH at which this occurs is known as the isoelectric point, pI, of the 
protein). It can be helpful to bring the solution pH to within + 1 unit of the pI of 
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the protein (antibody or enzyme). Most antibodies have isoelectric points in the 
pH range 5.5 to 7.5, so that using a buffer at pH 7.0 – 7.5 is probably very close 
to optimal in coating143. The other co-immobilized protein (GOase) has a pI of 
4.2-4.494, therefore near neutral pH may be the best compromise for both 
proteins to partition onto the solid phase membrane. Therefore, experimental 
work supported by these theoretical guides will help optimizing the pH of the 
selected coating buffer. 
 
2.2.2.2.a.iii. Choosing suitable alcohol content of the coating buffer:     
 The addition of a small amount (usually < 5% v/v) of alcohol (methanol, 
ethanol or isopropanol) to the coating buffer solution can be extremely 
beneficial for the coating process.  
 The effect of adding alcohol (methanol) was determined experimentally 
in this study by comparing 0% (i.e., the alcohol-free control) to gradually 
increasing contents of 1.5%, 3%, 6%, 9% and 12% v/v of alcohol to determine 
at which concentration the positive effects of alcohol on the coating process are 
maximized. 
 
2.2.2.2.a.iiii. Choosing suitable detergent for the coating buffer: 
 The use of chaotropic detergents such as Tween 20 or Triton X100 in the 
coating solution should be eliminated, unless some minimum concentration (of 
never more than 0.01% v/v) is absolutely necessary to stabilize the solution. 
Ionic detergents, such as sodium dodecylsulphate (SDS) or sodium 
dodecylbenzenesulfonate (SDBS) can be used safely at low concentrations 
(<0.1% w/v) to reduce protein-protein non-specific binding and to promote fast 
and homogeneous rewetting of the membrane in the final assay. All detergents 
mentioned under materials in this chapter and at different concentrations were 
tested in this study. 
  
2.2.2.2.b. Selection of suitable blocking buffer: 
 As both coating and blocking steps mainly involve immobilization of 
proteins, all the buffers tested for coating together with the different additives 
were tested for blocking. 
  
2.2.2.2.c. Selection of suitable wash buffer: 
 The wash step is the final step in the preparation of the coated 
membrane. Each coating or blocking step is also followed by a washing step to 
remove non-specifically bound proteins and finally the membrane is thoroughly 
dried to remove residual moisture. The washing process is accomplished by 
immersing and rinsing the membranes briefly four times in the wash solution, 
followed by soaking for 10 minutes in the same washing solution before drying. 
Adequate washing is necessary for the excess coating or blocking agent to 
diffuse out of the membrane and into the wash buffer. Phosphate buffer (0.01 
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M, pH 7.2) as such, or with added surfactants (detergents) at different 
concentrations were evaluated as wash buffers. 
 
2.2.2.2.c.i. The suitable ionic strength of the selected wash buffer: 
 Different ionic strengths of the selected wash buffer were tested (0.01, 
0.05 and 0.1 M) to determine the optimum ionic strength for the wash buffer, 
which would give the most intense colours without leaving high salt 
concentration after drying. High salt concentration left on the surface of the 
membrane after drying is known to affect the stability of the coated proteins.  
 
2.2.2.2.c.ii. Suitable alcohol content of the wash buffer:  
 It is well known that the presence of even a low concentration of alcohol 
will enhance drying and protein fixation94,144. Therefore, different 
concentrations of alcohol in the wash solution were tested in order to determine 
the optimum concentration of alcohol in the wash solution, which will bring 
about the positive effects without desorbing the proteins. 
 The effect of adding alcohol (methanol) to wash solution was determined 
experimentally in this study by comparing 0% (i.e., the alcohol-free control) to 
gradually increasing concentrations of 1.5%, 3.0%, 4.5%, 6.0% and 9% v/v of 
alcohol in the washing solution. Above comparison was done in order to 
determine at which concentration the positive effects of alcohol on drying and 
protein fixation are maximized. 
 
2.2.2.2.c.iii.  Selection of detergents to be included in the wash buffer: 
 Knowing the mechanism whereby membranes bind proteins may be 
important as it relates to the use of detergents, surfactants, and other agents that 
are commonly used to reduce background and non-specific binding. TweenTM-
20, TritonTMX-100 and other chaotropic detergents, should not be used, or used 
only in very low concentrations (<0.01% v/v) with membranes, such as 
nitrocellulose, that bind proteins electrostatically. Ionic detergents, such as 
sodium dodecylsulfate (SDS) are compatible with this type of membrane (at 
concentrations up to 0.5% w/v), but are generally incompatible with 
membranes that bind proteins by hydrophobic interactions such as 
polyvinylidene fluoride (PVDF)144.  
 SDS at different concentrations (0%, 0.01%, 0.05%, 0.1%, 0.3% and 
0.5% w/v) was tested as an additive to wash buffer in order to reduce NSB with 
nitrocellulose membranes, whereas chaotropic detergents at very low 
concentrations were tested as additives to wash buffers in order to minimize 
NSB with the membranes that bind proteins hydrophobically (PVDF) or the 
membranes that bind proteins covalently (Polyether sulphone). 
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2.2.2.2.d. Selection of suitable assay buffer: 
 The optimal pH or buffer to be employed in any immunoassay system 
cannot be predicted and the multiple buffer conditions must be examined 
empirically for each antigen and antiserum combination prior to setting on the 
"optimal" conditions139. 
 Each of the different buffers prepared above were tested as assay buffers 
and the ionic strength of the selected assay buffer was optimized. Addition of 
physiological saline to the buffer solution gives it a higher salt concentration 
and reduces non-specific binding. Assay buffers with and without sodium 
chloride were tested. 
 
2.2.2.3. Selection of suitable antibody for immobilization: 
 The ability of the locally produced antibody and each of the other 
purchased polyclonal and monoclonal antibodies to bind analyte-HRP 
conjugate was assessed simply by incubating the coated antibody directly with 
the enzyme tracer followed by visual evaluation of the colour produced. 
 
2.2.2.3.a. Methods of protein immobilization: 
The most common method for the immobilization of antigens and 
antibodies in solid-phase immunoassays has been simple passive adsorption168. 
This procedure for immobilizing proteins and other biologically active 
macromolecules simply require contacting the membrane with a solution of the 
desired ligand. When applied to membrane surfaces this is best accomplished 
by spot wetting215 or line coating of solution onto the membrane or immersion 
of the membrane into the coating solution (Saturation, or static soaking). Both 
spot wetting and full immersion of the membrane were tested in this study. 
When full immersion is adopted both static soaking and soaking under agitation 
were tried.  
  It is also common for investigators to immobilize capture antibodies 
(Cabs) using a pre-coated protein A33,212,25 or an adsorbed anti-globulin182-184. 
These methods of immobilization were also adopted and evaluated in this 
study.  
 
2.2.2.4. Selection of suitable blocking agent for the membrane surface: 
 The selection criteria for an ideal blocking agent for a coated solid phase 
surface according to Deshpande143 are the following: (i) It should bind to all the 
remaining protein binding sites, (ii) It should not displace the immobilized 
component during the blocking step, (iii) It should not alter the 
immunoreactivity of the immobilized components, (iv) It should be inert and 
thus not reactive with any of the subsequent reactants in the assay, and (v) It 
should not interfere or contribute to the detection signal. For the membrane 
solid phase in particular, the blocking agent should remain bound to the 
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membrane during the washing and the prolonged storage and should achieve 
even and consistent rewetting upon sample application117. 
 Thus, it may be necessary to perform detailed studies during testing a 
variety of detergents and other blocking agents over a range of concentrations 
for each particular immunoassay in order to arrive at the correct set of 
conditions. 
 A variety of the blocking agents as such, or in combinations with each 
other were examined during the development of this dip-stick to determine 
which will give the highest signal while still maintaining a low background. 
After selection of the suitable blocking agent the concentration of the selected 
protein was optimized by comparing the colour development at several 
concentrations of it (0.1- 5%). 
 
2.2.2.4.a. Methods of blocking the remaining binding sites after coating: 
 For the solid phases with high surface area, the blocking agent may be 
added before, during or after coating with the primary protein143. Except for the 
hard-to-adsorb antibodies, blocking in this study is always done after coating. 
Blocking is done by immersing the membrane for 30 minutes at room 
temperature, in a bath of the blocking solution, allowing it to saturate the 
membrane with the desired concentration of the blocking agent. After each 
blocking step the membrane was adequately washed to remove the excess 
blocking agent. Non-blocked controls were also included in each test. 
 
2.2.2.5. Selection of suitable developer solution: 
 There is no single suitable developer solution as such, but the developer 
solution that works optimally is an assembly of different components 
(chromogens, blocking agents, buffers, enzyme substrates and enzymes) tested 
experimentally under the conditions of a particular assay format. Each of the 
above components of the developer solution was carefully investigated in this 
study in the following order so as to be selected. 
 
(a) Selection of suitable insoluble chromogenic substrate. 
(b) Selection of suitable developer solution buffer. 
(c) Selection of suitable blocking agent in the developer solution. 
(d) Addition of scavenger enzyme to the developer solution. 
 
2.2.2.5.a. Selection of suitable insoluble chromogen: 
 Three different developer solutions were prepared using three colour 
developing substrates in suitable buffers, namely 4-Chloro-1-naphthol (CNP), 
3-Amino-9-ethyl carbazole (AEC) and the soluble 3,3´,5,5΄-
tetramethylbenzidine (TMB) chromogen. The sensitivity and suitability of these 
substrates for the selected test strip format was evaluated in this study. 
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 The selected insoluble chromogenic substrate to be used for the dip-
sticks should have little or no pH dependence of the oxidation reactions and the 
oxidized donor should be highly insoluble. The most important selection 
criteria for the insoluble chromogenic substrates in general are (i) negligible 
oxidation rate of the chromogen in the absence of enzyme; (ii) little pH 
dependence of the oxidation reactions; (iii) the reduced state of the chromogen 
should be sufficiently soluble and the oxidized state should be highly insoluble 
(iv) the colour produced should be relatively stable and should not fade over 
time (v) the chromogen should be non-toxic for safe handling96. 
 Concerning sensitivity and safety a list of insoluble peroxidase enzyme 
chromogenic substrates is given below with the combined risk claims from 
Aldrich and Sigma chemical companies (1997). This list was included in this 
study as a guide to help in setting a reasonable compromise between safety and 
sensitivity of the selected insoluble chromogens: 
 
(1) 3,3´-Dimethoxybenzidine, o-dianisidine (ODN), it turns reddish during 
colour development, highly sensitive, it is irritant and possibly 
carcinogenic. 
(2) 3,3΄-Diaminobenzidine, highly sensitive, it turns reddish, possibly 
carcinogenic. 
(3) 3,3´,5,5´-Tetramethyl benzidine (TMB) it turns blue during colour 
development, extremely sensitive, it is reported to be a non carcinogenic 
analog of benzidine.  
(4) 3-Amino-9-ethyl carbazole, it turns reddish, toxic and possibly 
carcinogenic, moderately sensitive. 
(5) 4-Chloro-1-naphthol, it is the least sensitive, but most safe, it turns 
bluish, it is only irritant. 
 
2.2.2.5.a.i. Determination of detection limits of chromogenic substrates:  
 The ability of a substrate system to make low concentrations of 
peroxidase visible considerably influences the performance of a membrane-
based assay and improves sensitivity53.  
 The sensitivity of the different chromogenic substrates (CNP, AEC and 
TMB) adopted in this study will be evaluated. The different chromogens will be 
compared with respect to sensitivity and easy applicability in the dipstick assay. 
Sensitivity of the different chromogenic substrates is normally checked by 
gradual dilutions of the enzyme tracers and subsequent evaluation of the ability 
of a substrate system to make low concentrations of the enzyme tracer visible.  
 Prepared dipsticks of the same batch were tested with each of the three 
chromogens adopted in this study. The dipsticks were incubated, first with 
analyte free buffers, followed by insertion of each test strip into a developer 
solution containing one of the chromogens and a serially diluted HRP enzyme 
tracer (1/12.5, 1/25, 1/50, 1/100, 1/200, 1/400, 1/800, 1/1600). 
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2.2.2.5.b.  Selection of suitable developer solution buffer: 
 Selection of the suitable developer buffer depends on the type of 
chromogen used as well as the pH requirements for each enzyme in the enzyme 
channeling pair to work optimally and the antigen-antibody interactions to 
remain stable in the reaction medium. The optimum ionic strength of the 
developer buffer in terms of buffer salts concentrations or in terms of sodium 
chloride content were also tested.     
 
2.2.2.5.b.i. Determination of suitable ionic strength of the developer: 
 Developer buffers with the following ionic strengths (0.01, 0.05, 0.1, 0.5 
and 1.0 M) were prepared and tested as developer buffers in this study.  
 
2.2.2.5.b.ii. Determination of suitable sodium chloride content of the 
                    developer: 
 Buffered saline solutions with the following sodium chloride contents 
(Chloride free, (0.0%, 0.06%, 0.6%, 0.9%, 1.8%, 3.6% w/v) were prepared and 
tested in this study in order to determine the optimum NaCl content. 
    
2.2.2.5.c. Selection of suitable blocking agent in the developer solution: 
 In solid phase immunoassay, blocking is done in two stages, the first is to 
block the free binding sites of the solid phase membrane after coating and the 
second is to continue blocking in the liquid phase of the assay buffer and the 
developer solution during the subsequent incubations and colour development 
steps. 
 The seven different blocking agents listed above (under materials) were 
tested as blocking agents in the developer solution and the assay buffer. After 
selection of the suitable blocking agent a titration to determine the optimal 
concentration of the selected blocking agent was done.  
 
2.2.2.5.d. Inclusion of scavenger enzyme in the developer in ECIAs: 
 It is well known in enzyme channeling immunoassays that a small 
fraction of the co-substrate (H2O2) may escape being captured by the second 
enzyme on the surface of the solid phase and in so doing it produces colour in 
the bulk solution63. Scavenger enzymes are used to capture the escaping co-
substrate in ECIAs and convert it before it produces colour in the bulk solution.  
 Catalase enzyme (EC 1.1.3.4) is known to be a suitable scavenger 
enzyme to capture any escaping H2O2 produced by GOase in enzyme 
channeling immunoassays216. Catalase enzyme was tested in this study as a 
scavenger enzyme and tested in the developer solution at different 
concentrations. 
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2.2.3. Assay design and optimization: 
2.2.3.1. Assay design: 
  An enzyme channeling immunoassay design was proposed at the early 
stages of this study to be the design of choice for the study as it was found to be 
the most suitable for a detection test strip, with a built in threshold (cut-off) for 
the detection of hypothyroidism. 
 In this simple competitive design, the test strip consists of two active 
surfaces (two circular pads), which develop colours upon the insertion of the 
test strip consecutively in the unknown sample and in the developer solution. 
The colour of the lower pad (test pad (T)) is inversely related to the analyte 
concentration in the sample and is either lighter, of equal intensity or darker 
than the colour of the upper pad (the reference pad (R)). 
 The colour of the upper reference pad is independent of the analyte 
concentration and is adjusted to give a colour always equivalent to that given by 
a sample containing 50 nmole/L of serum thyroxine (cut-off point for hypo-). 
For a hypothyroid sample the lower test pad (T) develops a darker colour 
compared to the upper (cut-off) reference pad (R). Both the test pad and the 
reference pad on the test strip develop colours of equal intensity when the case 
is marginal (neither hypo-, nor eu-thyroid). Whereas, the test pad (T) develops a 
colour that is lighter than the reference pad when the case is an eu- or hyper-
thyroid case. 
 This simple competitive test strip is designed to detect hypothyroidism, 
i.e., to differentiate between hypo- and non-hypothyroid cases only and in this 
case provides “yes no answers” as far as hypothyroidism is concerned. It does 
not tell about hyperthyroidism and it does not differentiate between the eu-and 
hyperthyroid cases. 
 
2.2.3.1.a.  Inclusion of a “cut-off” reference pad:  
To further simplify the test protocol in this study a technique was studied 
in which a cut-off point (a threshold) for hypothyroidism is integrated within 
each test. Goat anti-HRP antibodies were used to coat the reference pad which 
is attached just above the test pad on each test strip. These antibodies bind a 
constant amount of the T4/HRP conjugate, which, after addition of the 
chromogen/substrate solution, results in a constant colour development always 
equivalent to the colour intensity of the test pad when the later is immersed in a 
“reference” sample containing the cut-off concentration (lower limit of the 
normal range) for serum thyroxine. The normal range of serum thyroxine in 
Sudanese was determined for the purpose of this study217.    
 
2.2.3.2. Optimization: 
 Hunter218 in 1983 in a chapter on immunoassay optimization stated that 
“in any immunoassay development, if even good parts are haphazardly 
assembled then the final product will be a ramshackle one”. Therefore, not only 
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good components are required for successful assay development but both the 
reagent concentrations and assay conditions should also be optimized for assay 
development to be successful. Reagent concentrations and assay conditions 
were optimized in this study to achieve a sensitive and rugged assay design as 
detailed by the following three steps: 
 
(a) Optimization of reagent concentrations. 
(b) Optimization of development conditions. 
(c) Optimization of assay conditions. 
 
2.2.3.2.a. Optimization of reagent concentrations: 
2.2.3.2.a.i. Optimization of antibodies on the test pad: 
 Antibodies are titrated in order to determine the optimum concentration 
of the antibodies to be coated on the test pad in order to achieve the maximum 
possible sensitivity levels for thyroxine. 
 Optimization of antibodies to be coated on the test pad was done by 
titration of the primary antibodies (anti-T4 antibodies) in the direct coating 
design or by titration of secondary antibodies in the bi-layered coating design. 
Primary antibodies were diluted by the coating buffer as follows (1/100, 
1/1000, 1/5000, 1/10000, 1/50000, 1/100000). Secondary antibodies when used 
for pre-coating (bi-layered immobilization) were then diluted by the coating 
buffer as follows (1/10, 1/20, 1/40, 1/80, 1/100, 1/160, 1/200, 1/400). Five 
milliliters of each dilution of antibodies were added to a 100 ml beaker. Equal 
square pieces of nitrocellulose membrane 9 cm2 each were cut; each immersed 
in one of the different antibody dilutions and incubated overnight in the 
refrigerator. After the incubation the membranes were washed, blocked, dried, 
assembled into test strips and tested. 
 
2.2.3.2.a.ii. Optimization of anti-peroxidase on the reference pad: 
 The anti-peroxidase loading on the cut-off pad had to be adjusted, since 
this controls the reference colour (or the cut-off colour). Adjustment of anti-
peroxidase antibody to be coated on the cut-off pad is an important and critical 
part of this design. The anti-peroxidase antibody loading on the reference pad 
should be adjusted to produce a colour intensity equivalent to that of the test 
pad when the later is inserted in a reference sample containing the cut-off 
concentration for hypothyroidism (50 nmole/l for serum thyroxine). Adjustment 
of this colour to be the same as, and visually undistinguishable from that of the 
test pad when the later is immersed in the  reference (cut-off) sample is 
important for the accuracy and precision of the test results.  
The practical method adopted for the reference pad colour adjustment in 
this study depends on the colour matching between the colour produced by the 
reference pad and that produced by the test pad when the later is inserted in the 
(cut-off) reference sample. 
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Adjustment of the anti-peroxidase antibody loading on the reference pad 
was achieved by titration of the anti-peroxidase antibody for coating. Anti-
peroxidase antibody in this study was serially diluted as follows (1/1000, 
1/2000, 1/40000, 1/8000, 1/16000, 1/32000) and tested. The antibody titre 
producing the closest matching colour was further diluted “finely tuned” to 
produce the best matching colour. 
The process of colour matching could accurately be done by use of a 
reflectometer, although colour matching by eye is sufficient as long as the test 
was developed for visual evaluation. Colour matching was assessed by ten 
different persons. 
 
2.2.3.2.a.iii. Optimization of the coated GOase enzyme on both pads:  
 GOase loading on the solid phase membrane should be adjusted so as to 
produce the suitable amount of H2O2 required for the colour reaction to take 
place in a suitably short time as a requirement for rapid tests and at the same 
time not to be produced in excess so as to avoid development of colour in 
solution.  
 GOase enzyme was serially diluted using the coating buffer as follows 
(1/160, 1/320, 1/640, 1/1280, 1/2560). Nitrocellulose membranes were 
incubated with each dilution overnight, then washed, blocked, dried and tested. 
The optimum GOase enzyme to be coated on the reference pad would be the 
same as that to be coated on the test pad. 
 
2.2.3.2.a.iv. Optimization of the enzyme tracer concentration: 
 Titration of T4-HRP conjugates to determine the optimum concentration 
of the enzyme tracer to be used in the first competition step was done in order 
to obtain the maximum possible sensitivity levels for the analyte under test as 
well as a clear colour reduction at low antigen concentrations. The enzyme 
tracer was serially diluted as follows (1/12.5, 1/25, 1/50, 1/100 and 1/200) and 
tested in order to be optimized. 
  
2.2.3.2.a.v. Optimization of reagent concentrations in the developer: 
 All the constituents of the developer solution namely, β-D-glucose, 
chromogen content, catalase enzyme, as well as alcohol content were titrated 
each separately in this study, in order to be optimized. 
  
2.2.3.2.a.v.1. Optimization of β-D-glucose content in the developer:  
 The glucose content of the developer solution was serially diluted and 
prepared in 100 ml solutions as follows (1.800, 0.900, 0.450, 0.225, 0.113, 
0.056 g/dl) in order to be optimized. 
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2.2.3.2.a.v.2. Optimization of chromogen content in the developer: 
 Three different chromogens were tested in this study, namely, CNP, AEC 
and TMB. The optimum chromogen content in the developer solution was 
determined by preparing developer solutions of gradually increasing 
chromogen content. The optimum concentration of the chromogen reported in 
the literature was used as a clue, then developer solutions of lower and higher 
contents than the value reported in the literature were prepared and tested.  
 The optimum CNP chromogen content was determined by preparing and 
testing stock developer solutions of increasing CNP chromogen content as 
follows (0.15, 0.30, 0.6, 0.9, 1.8 mg/L respectively). The optimum AEC 
chromogen was determined by preparing and testing developer solutions of 
increasing AEC chromogen content as follows (0.5, 1.0, 2.0, 4.0, 6.0, 8.0 
mg/ml). The optimum TMB chromogen content was determined by preparing 
and testing developer solutions of increasing TMB content as follows (2.4, 4.8, 
7.2, 9.6 and 12 mg/ml respectively).  
 
2.2.3.2.a.v.3. Optimization of catalaze enzyme concentration: 
 Catalase enzyme was tested in this study as a scavenger enzyme to 
capture escaping H2O2 and convert it before it produces colour in the bulk 
solution. Catalase enzyme was included in the developer solution at the 
following dilutions (1/100, 1/500, 1/1000, 1/2500, 1/5000 and 1/10000) in 
order to be optimized. 
 
2.2.3.2.a.v.4. Optimization of alcohol content in the TMB developer: 
 Alcohol is used as a vehicle in TMB developers since TMB is only very 
sparingly soluble in water while it dissolves readily in ethanol219. Alcohol is 
also used to dissolve DSS which is added as a colour precipitant in TMB 
developers212. In order to study the effect of alcohol in TMB developer 
solutions and to optimize its concentration, alcohol content of these solutions 
was varied as follows (0.5, 1.0, 1.5, 2.0, 2.5 ml alcohol/5ml developer) i.e., in 
steps of 0.5 ml. 
   
2.2.3.2.b. Optimization of development conditions: 
  Optimization of development conditions for coating, blocking and drying 
including optimization of all the conditions adopted (time, humidity, 
temperature, pH, pressure) during product development were considered as 
shown below:  
 
2.2.3.2.b.i. Optimization of coating conditions: 
 All the conditions during the coating process were optimized and 
controlled throughout the coating process; these include the coating time, 
temperature, humidity and pH. 
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2.2.3.2.b.i.1. Optimization of coating time: 
 According to Wittmann and his co-workers33 when an only one protein is 
to be coated to the solid phase membrane, the optimum incubation time is 
determined by the Bradford protein assay220 using mouse IgG for calculation. 
This will be the time when, less than 5% of the original amount of the coated 
protein remains in the coating solution. 
 When two proteins are to be co-immobilized, the optimum coating time 
for each protein will differ depending on its affinity for the solid phase 
membrane and its initial concentration. Therefore, the optimum co-
immobilization time could only be determined experimentally and incubations 
for different periods of time in the optimized coating and blocking solutions (2 
hours, 4 hours, 6 hours, 8 hours and overnight) were tested.    
 
2.2.3.2.b.i.2. Optimization of coating humidity and temperature: 
 During the optimization of coating and blocking procedures the effect of 
humidity was eliminated in this study, because coating and blocking steps were 
not performed by spotting or line application, which were affected by humidity, 
but they were done by full immersion of the membrane into the coating and 
blocking solutions, a process that is not affected by humidity. During 
incubation, humidity is relatively controlled by incubating the coating, blocking 
and the other steps in a humid atmosphere (refrigerator), which is optimum and 
recommended for these processes. 
 Incubations at room temperature and in the fridge (2-8) were both tested. 
Incubations in the fridge, in glass containers covered with perforated aluminum 
foil, facilitated relative control on both the temperature (2-8°C) and humidity. 
Low temperature was also recommended112. 
 
2.2.3.2.b.ii. Optimization of blocking conditions: 
 As both coating and blocking steps involve immobilization of proteins, 
both of these processes will be performed under the same conditions of 
humidity and temperature. 
  
2.2.3.2.b.iii. Optimization of drying conditions: 
 Air drying at room temperature and drying at 37°C and 50°C in the oven, 
were also tried for different drying times (½ an hour, one hour and 2 hours). 
Drying at room temperature under vacuum, for the same periods of time, using 
an air tight desiccated container -to control humidity- and a pump was also 
tried. Effect of alcohol addition to the wash solution on drying time was also 
studied. 
 
2.2.3.2.c. Optimization of assay conditions: 
 For this two-step design and for all competitive immunoassays in 
general, two simple assay protocols could be adopted. These are the quasi-
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equilibrium saturation assay protocol, and the sequential saturation assay 
protocol as described below: 
 
(a) The quasi-equilibrium saturation assay protocol; wherein the two    
           incubation steps are: 
 
(i) The competition step wherein the unknown analyte and the enzyme 
tracer were incubated simultaneously with the immobilized antibody to 
compete for the limited number of binding sites. The time required for 
this step was tested in the range of 1-10 minutes, in one minute intervals 
in order to be optimized.  
(ii) The colour development step (substrate incubation step) which involves 
incubation of the test strip with an insoluble enzyme substrate for colour 
development. The incubation time was tested in the range of 5 – 30 
minutes with the different chromogens in 5 minutes intervals in order to 
be optimized.  
 
(b) The sequential saturation assay protocol wherein the two incubation steps    
are: 
(i) A brief incubation of the unknown sample with the limited immobilized 
antibody. The incubation time was tested in the range of   1 – 10 minutes 
in one minute intervals in order to optimize. 
(ii) Delayed addition of the enzyme tracer to be carried out in the second 
immunological reaction and colour development step. The incubation 
time was varied from 5 – 30 minutes in five minutes intervals in order to 
be optimized. 
 
 The optimum concentrations of reactants (antibody and the enzyme 
tracer) in each method were reacted for different incubation times to result in a 
clear difference in colour intensity at low analyte concentrations.  
 
2.2.4. Assay validation: 
 Assay validation could be broadly classified into analytical (biochemical) 
assay validation and clinical (diagnostic) assay validation. Analytical assay 
validation includes analytical specificity, analytical sensitivity, precision 
(reproducibility) and comparability to standard methods. Clinical validation on 
the other hand, could be classified to diagnostic sensitivity, diagnostic 
specificity and the predictive value of the test.   
 
2.2.4.1. Analytical (biochemical) assay validation: 
2.2.4.1.a. Determination of analytical sensitivity: 
 Sensitivity is defined as “the minimal detection limit of an assay”. 
However, in qualitative and semi-quantitative visual assays the determination 
64
of this limit is not possible and a visual detection limit is determined instead. 
The visual detection limit (sensitivity) of a competitive dip-stick immunoassay 
is defined as the concentration at which the colour intensity could be clearly 
distinguished from the negative control (analyte free buffer) by several 
persons53. 
 
2.2.4.1.a.i. Establishment of the visual detection limit: 
Establishment of the detection limit or what is known as analytical 
sensitivity can be assessed by end-point dilution analysis, which indicate the 
dilution of serum in which antigen or antibody is no longer detectable197. 
Alternatively the establishment of the detection limit can be done by spiking a 
hormone-free serum sample with decreasing concentrations of the analyte of 
interest. 
In this visual dip-stick assay, however, spiking was adopted and a blank 
serum (hormone-free human serum) was spiked with thyroxine at different 
concentrations covering the range between the hormone-free serum (0 nmole/L) 
and the lower limit of the normal range (50 nmole/L) in 5 nmole/L increments 
(namely, 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 nmole/L). The dip-stick test 
was performed 5 times on the blank sample and each of the spiked samples. The 
visual detection limit was considered as the lowest concentration that is clearly 
distinguishable form the negative control by ten different test persons. 
 Due to the inverse relationship between analyte content and colour 
development in a competitive assay, the visual detection limit improves, when 
the absolute colour intensity of the analyte-free buffer is high20. 
 
2.2.4.1.a.ii. Determination of the working range of test strips: 
The working range of a visual dipstick assay can be determined by the 
determination of the minimum and the maximum visual detection limits. 
Maximum visual detection limit can be determined by the same way as the 
minimum visual detection limit. The maximum visual detection limit for a 
competitive immunoassay is considered as the analyte concentration 
immediately preceding the concentration at which the colour completely 
disappears as reported by ten different persons. The hormone-free human serum 
was spiked with thyroxine at different concentrations starting from zero and up 
to high levels (150 nmole/L) in 5 nmole/L increments. The dip-stick test was 
performed 5 times on the blank sample and each of the spiked samples. 
    
2.2.4.1.b. Determination of analytical specificity (cross reactivity): 
In immunoassays in general analytical specificity can be determined by 
inclusion of extremely high concentrations of structurally related compounds 
followed by determination of cross reactivity. 
 In quantitative competitive assays cross-reactivities (CR) of metabolites 
or other compounds of structural similarity to the analyte of interest were 
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related to the analyte considering the analyte as 100% cross reacting. 
(Thyroxine as 100%). 
         The cross-reactivities of the selected, locally produced, polyclonal anti-T4 
antibody were determined with T3, reverse T3 and T2 during antibody 
characterization in a previous study in the RIA laboratory in Sudan Atomic 
Energy Commission200. Cross-reactivities of these structurally related molecules 
were found to be negligible indicating a highly specific antibody.  
 
2.2.4.1.c. Determination of analytical precision and reproducibility: 
 Unlike quantitative assays, qualitative and semi-quantitative tests do not 
provide measurable parameters and consequently they could not produce 
figures to calculate this parameter. Therefore, determination of precision and 
reproducibility in these visual dip-stick tests is done by inter-observer and intra-
observer variability of the assay. 
 The inter-observer variability was determined at five different thyroxine 
concentrations (30, 45, 50, 55, 70 nmole/l) by visual assessment of each test 
strip by 10 different persons (observers). The intra-observer variability of the 
assay was tested by 5 repetitive measurements of seven blood samples with 
different thyroxine concentrations (10, 30, 45, 50, 55, 70 and 90 nmole/l) 
assessed by the same test person221. 
 
2.2.4.1.d. Determination of accuracy: 
 In quantitative immunoassays accuracy can be determined indirectly 
from recovery and parallelism tests. 
 
2.2.4.1.d.i. Recovery: 
 Recovery is an indirect assessment of accuracy. It is the ability of a test to 
recover, or measure, a known incremental amount of an analyte from sample 
matrix. The amount of analyte recovered can be calculated as a percentage of 
the total amount added. Accuracy in the visual qualitative and semi-quantitative 
assays is relative rather than absolute, and is best ascertained on the basis of 
clinical sensitivity and specificity rather than on technical (analytical) criteria. 
 
2.2.4.1.e. Comparability to known current standard methods: 
 The validation of results given by IAs is usually performed by 
comparison with chromatographic methods (HPLC, GC) as golden standards. In 
this work as the assay is modified from an existing RIA kit the results were 
compared with those of the mother RIA kit. The degree of comparability in 
quantitative assays can be derived from the correlation coefficient between the 
two methods which require exact figures. It is clear that the comparability 
studies in qualitative assays is relative rather than absolute as it compares 
ranges of normality and abnormality to figures, giving (yes/No) answers. 
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Therefore, it is best ascertained on the basis of clinical sensitivity and 
specificity rather than on technical (analytical) criteria. 
   
2.2.4.2. Clinical (diagnostic) assay validation: 
If the initial development and standardization studies (analytical 
validation) indicate that the assay has potential for field application, the next 
step is to identify the assay’s performance characteristics in terms of clinical 
validation parameters (D-SN, D-SP and the predictive value of the test). 
 
2.2.4.2.a. Calculation of diagnostic sensitivity and specificity in IAs: 
To achieve estimates of D-SN and D-SP of a new quantitative 
immunoassay, the test results must first be reduced to positive or negative 
categories. This is accomplished by insertion of a cut-off point (threshold or 
decision limit) on the continuous scale of results197.  As the cut-off point is built 
in the design of this new test strip the burden of selecting such a decision limit 
is alleviated. 
The presence of the built in cut-off point (decision limit) allows 
classification of test results into positive or negative categories. Calculation of 
D-SN and D-SP are aided by associating the positive/negative categorical data 
with known thyroid status for each subject. 
A positive test in this case is the one, which detect the presence of 
hypothyroidism. Therefore, the test is positive when it detects a hypothyroid 
state and the result is negative when it falls on the eu-/hyperthyroid range. 
The results of tests on standard sera can be classified as true positive (TP) 
or true negative (TN) if they are in agreement with those of the golden standard 
(or any other standard of comparison). Alternatively, they are classified as false 
positive (FP) or false negative (FN) if they disagree with the standard. 
Diagnostic sensitivity is calculated as TP/(TP+FN), whereas diagnostic 
specificity is TN/(TN+FP); the results of both calculations are usually 
expressed as percentages. 
 
2.3. Stability studies to access the shelf life:  
 The shelf life (or stability) of a product may be defined as the time that 
essential performance characteristics are maintained under specific handling 
conditions. The change of quality over time is a function of storage 
temperature, humidity, package protection, and product formulation. Product 
expiration dating is the ultimate practical result of determining stability. 
 Normally the developer should perform adequate shelf-life studies to 
assess the stability of a new test. Stability is the inverse of degradation. All 
materials undergo degradation at a rate defined by the laws of chemistry and 
physics. Fortunately, for a given formulation of pH, ionic strength, 
composition, etc., the dominant variable affecting the degradation rate is 
temperature. Thus, degradation of the product can be monitored at each of 
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several high temperatures and the information extrapolated to the anticipated 
storage temperature to determine the product shelf-life143. Two basic 
approaches used for shelf life determination were adopted in this study. 
 
2.3.1. Accelerated aging studies to access the shelf life: 
 The stability of this ECIA test was accessed by accelerated aging at 37º 
C. In this procedure, the test was evaluated on daily basis by a sample 
containing the lower detection limit concentration of the analyte as pre-
determined during the developmental stages. The stability evaluation assays 
were stopped when the readings (based on visual inspection) of two successive 
results with the test kept at 37º C were different from those of the same batch 
maintained under the optimum storage conditions. A typical conversion factor 
used for accelerated aging studies is to multiply the observed life at 37° C by a 
factor of 10. Thus four weeks at 37°C would be the equivalent of about 40 
weeks at room temperature214,222.  
 
2.3.2. Real-time stability studies to access the shelf life: 
 Real-time stability studies are the “gold standard” in determining 
expiration test. In this approach, the duration of the test period should be long 
enough to allow sufficient product degradation under recommended storage 
conditions223. 
 For the purpose of determination of the real-time shelf life of the test 
strips in this study, the shelf-life as determined from the accelerated aging 
studies was considered as a guide. A number of test strips in a large excess of 
what is required to cover the shelf life as determined by accelerated aging 
studies were prepared and stored so that an only one strip could be tested each 
two weeks.  
 Prepared test strips were stored desiccated at room temperature and the 
test was performed every two weeks by the same method as mentioned on the 
accelerated aging studies. The stability evaluation assays were stopped when 
the readings (based on visual evaluation) of two successive results were 
different from those of the preceding ones. 
 
2.3.3. Estimating the shelf life of the developer solution: 
 Developer solutions containing different chromogenic substrates were 
prepared and stored protected from light under the suitable storage temperature. 
They were observed for physical changes and tested for efficiency on monthly 
basis. 
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RESULTS 
 
As this study is a qualitative study, there are no measurable parameters. 
Therefore, tables are totally omitted from this chapter and the results are only 
documented by figures (photographs) using a Sony digital camera (FD Mavica, 
MVC-FD200). Still images (photographs) are shown within the text in this 
chapter wherever appropriate. 
  
3.1. Results of materials selection studies:   
3.1.1. Results of membrane selection for rapid tests: 
 A number of filter membranes were investigated in this study in order to 
select the most suitable one to be used as carrier membrane for this new ECIA 
design. The best membrane for optimum signal generation would be that which 
have a high protein binding capacity with high affinity and which will exhibit a 
higher signal to noise ratio (give the most intense colour with the minimal 
background signal).  
For the same working dilutions of the antibodies and the enzyme tracer, 
the colour intensity of the negative control in this study was found to be 
distinctly higher when Whatman nitrocellulose membrane was used. 
Among the eight membrane filters tested in this study, Whatman 
nitrocellulose membrane also provided exceptionally clean backgrounds for 
optimal colour discrimination compared to the other membranes. Except for the 
above mentioned the other selection criteria are equal for all of the other 
membranes. Whatman nitrocellulose membrane was selected for the 
development and optimization of this rapid test and all the following 
experiments were done using this membrane. 
 
3.1.2. Results of suitable coating buffer selection studies: 
 Of the several buffers prepared and tested in this study, phosphate buffer 
(pH 7.2) was found to be the best buffer for the coating process, followed by 
acetate buffer (pH 5.5), where a faint colour was observed. However, there is a 
complete failure of colour development when the carbonate buffer (pH 9.5) was 
used as a coating buffer as shown on Fig. (1).   
 Additives known to facilitate the protein solubility (NaCl, 0.9%) and 
immobilization of proteins (alcohol, 3%) were observed to be beneficial for the 
coating process. Therefore, phosphate buffered saline supplemented with 3% 
alcohol was found to be optimal for the coating process. Alcohol was also 
observed to enhance drying of coated membrane.  
 
3.1.3. Results of suitable blocking buffer selection studies: 
 The optimum coating buffer with the selected ionic strength was found to 
be the optimum for blocking including the additives (NaCl and alcohol) in their 
respective optimum percentage concentrations. 
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Fig. (1): Selection of suitable coating buffer. 
 
3.1.4. Results of suitable wash buffer selection studies: 
All the prepared buffers without additives were tested as wash buffers. 
Phosphate buffer was found to be the best and selected as the wash buffer of 
choice for this study. The membranes washed with NaCl containing wash 
buffers were observed to work adequately nice at the beginning but they were 
observed to deteriorate quickly upon storage. Very weak colours were observed 
to develop when the membranes were washed with distilled water. Membranes 
washed with phosphate buffer (0.05 M, pH 7.2) were observed to develop the 
most intense colours during assay performance and phosphate buffer was 
selected to be the best buffer for the washing process.  
 
3.1.4.1. Detergent content of the wash buffer studies: 
 Coated nitrocellulose membranes when washed with buffers containing 
chaotropic detergents (TweenTM-20, TritonTMX-100) at low concentrations 
(0.01% v/v), were not observed to develop any colours at all, or they develop 
very faint colours depending on the intensity of the washing process. However, 
when ionic detergents (such as sodium dodecylsulfate, or QS44) were included 
in the wash buffer, the membranes were observed to develop colours of the 
same intensity as those washed with “detergent free” wash solutions. 
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3.1.5. Results of suitable assay buffer selection studies: 
 Fig. (4) shows the effect of the different assay buffers on colour intensity 
and consequently rapidity of colour development. Phosphate buffered saline 
provided the most intense colour, followed by acetate buffer which produced a 
very faint colour and finally carbonate buffer which failed to provide any colour 
at all. 
 
 
 
 
Fig. (2): Selection of suitable assay buffer (From left to right phosphate, acetate  
               and carbonate). 
 
Assay buffer in this design is used to adjust the pH during the first 
incubation step and as a diluent for the enzyme tracer concentrate. Therefore, 
phosphate buffered saline (0.01 M, pH 7.2) supplemented with 0.05% proclin 
300 was observed to work adequately nice for both applications. 
 
3.1.6. Results of suitable antibody selection studies: 
 All the available anti-T4 antibodies, whether monoclonal or polyclonal, 
were tested in this study. The chemically purified polyclonal anti-T4 antibodies 
were observed to perform adequately nice and produce sharp and stable colours. 
Unexpectedly, the affinity purified polyclonal antisera as well as monoclonal 
antibodies do not give any promising results when tested, as no colour 
development was observed, or the colour produced is very faint. However, 
when they were later simultaneously immobilized with the blocking proteins 
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they were observed to give better results than the chemically purified polyclonal 
antibodies. The affinity purified locally produced anti-T4 antibody when 
simultaneously immobilized with the blocking agent was observed to produce 
similar results to those of the imported monoclonal antibodies and was selected 
to be used for the development of this test strip.  
 
3.1.6.1. Direct and bi-layered coating of antibodies: 
 In this study antibodies were either directly coated or immobilyzed as a 
second layer after pre-coating with protein A or secondary antibodies. Test 
strips using two subsequent coating steps (whether with protein A or with 
secondary antibodies) were observed to provide sensitive assays with relatively 
intense colour after short substrate incubation time and high reproducibility. 
However, Pre-coating with secondary antibodies was observed to provide better 
results than pre-coating with protein A. Direct coating of the anti-analyte 
antibodies to the surface of the membrane was observed to provide only faint 
colours with slow colour development. Much longer substrate incubation was 
needed for reasonable colour intensity compared to the oriented bi-layered 
coating.  
 
3.1.7. Results of suitable blocking agent selection studies: 
The best blocking agent to be selected for this study is the one which 
meet most of the selection criteria for solid phase surface blocking agents in 
general and the selection criteria for blocking membrane surfaces in particular 
(as shown in Chapter II section 2.2.2.4). Therefore, best blocking agent is the 
one which when tested experimentally give the most intense colour compared to 
other blocking agents as well as the clearest background (minimal background 
colour and/or minimal colour escape).  
 Results of the present study have shown that for every immobilized anti-
analyte antibody there is a different suitable blocking agent to block the free 
binding sites on the surface of the membrane. The suitable blocking agent to be 
used with anti-thyroxine antibody was found to be BSA, whereas, the suitable 
blocking agent for anti-progesterone antibody in a concurrent experiment was 
found to be gelatin. After selection of the suitable blocking agent for anti-
thyroxine antibody (BSA) the concentration of the selected protein was 
optimized by comparing the colour development at several concentrations of it 
(0.1- 5%). The most intense colour was observed when blocking is done with 
0.3% BSA. 
 
3.1.7.1. Results of simultaneous blocking with coating: 
 As both coating and blocking steps involve immobilization of proteins, 
simultaneous blocking with coating was tried. Performance of blocking 
simultaneously with coating was observed to result in a better homogeneity and 
reduce the total processing time. Simultaneous blocking with coating was also 
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observed to facilitate adsorption of the previously hard to adsorb proteins 
(affinity purified and monoclonal antibodies). Monoclonal antibodies, when 
they were directly adsorbed in this study and the coating is followed by a 
blocking step, no colour was observed to develop on the surface of the 
membrane during testing.  However, when monoclonal antibody coating was 
carried simultaneously with blocking, strong colour was observed to develop 
immediately on the surface of the membrane during testing.  
 
3.1.8. Selection of suitable blocking agent in the bulk solution: 
 BSA and gelatin were both tested as blocking agents to inhibit the non-
specific binding in the bulk solution (assay buffer and developer solution). BSA 
although performed better than gelatin during the blocking of the solid phase 
surface, now the situation is reversed and gelatin was observed to perform much 
better than BSA in the bulk solution. BSA although observed to perform 
adequate in the bulk solution, performance of gelatin was remarkable and 
selected to continue blocking in the bulk solution instead of BSA. 
   
3.1.9. Results of suitable enzyme tracer selection studies: 
 Two different enzyme tracer concentrates were tested in this study a 
thyroxine (T4) – HRP conjugate from Europa Bioproducts Ltd, Cambridge, UK 
and a thyroxine (T4) – HRP conjugate from dbc-Diagnostics Biochem Canada 
Inc.  The dbc product was observed to give deep colours in a relatively shorter 
time in this study compared to the Europa Bioproducts one. 
 
3.2. Studies on insoluble HRP chromogenic substrates in ECIAs: 
 Two insoluble chromogens (CNP and AEC) were studied together with a 
soluble but extremely sensitive TMB chromogen. For each chromogen the best 
developer buffer, its ionic strength and the different constituents of the 
developer solution (chromogen content, β-D-glucose, blocking agent, alcohol 
content etc.) to be used in this new ECIA were studied, carefully selected and 
later optimized. Special emphasis was given to TMB chromogen so as to render 
it water insoluble in order to be used with the membrane-based rapid tests. 
   
3.2.1. Studies on CNP chromogen in ECIAs: 
3.2.1.1. The suitable ionic strength for the CNP developer solution: 
 A number of observations on the effects of ionic strength on the CNP- 
containing developer solution were made during the preparation of the 
developer solution, during the test performance and during the long term 
storage of the developer. 
 
3.2.1.1.a. Effects of ionic strength during CNP developer preparation: 
 Two important observations were made during CNP developer solution 
preparation, these were: 
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3.2.1.1.a.i.  Ionic strength and the amount of precipitate formed by CNP: 
 When a fixed volume of an alcoholic solution of CNP is added to the 
developer buffer (Phosphate buffer, pH 7.2) during the preparation of the 
developer solution a copious white precipitate is formed. The amount of this 
precipitate was observed to decrease with decreasing ionic strength (1, 0.1 and 
0.01M) as shown on Fig. (3). 
 
 
 
 
Fig. (3): Effect of ionic strength on the amount of the white precipitate formed.  
 
3.2.1.1.a.ii.  Effect of NaCl content on the amount of precipitate formed: 
 An important observation during the preparation of CNP developer 
solution in sodium chloride containing phosphate buffer (PBS) is that, when the 
ethanolic solution of CNP was added, the white precipitate formed, disappeared 
immediately, leaving a clear solution which does not require filtration. The rate 
of precipitate disappearance was observed to correlate positively with the 
sodium chloride content of the phosphate buffer. 
 
3.2.1.1.b. Effects of ionic strength during colour development: 
                Two observations on the effect of ionic strength during colour 
development were noted. 
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3.2.1.1.b.i. Effect of the ionic strength constituted by the buffer salts: 
The rate of colour production and the intensity of the colour produced on 
the surface of the test strips were observed to decrease with increasing molarity 
of the developer solution. The most intense colour was produced by 0.01 M 
developer solution. There is no colour production at all in 0.5 and one molar 
developer solutions. 
 
3.2.1.1.b.ii. Effect of ionic strength constituted by added NaCl: 
 Exactly opposite to the effect of increasing ionic strength by increasing 
the buffer salts concentrations, increasing ionic strength of the developer 
solution by increasing sodium chloride content was observed to enhance colour 
development on the surface of the test strips.   
 
3.2.1.1.c. Effects of ionic strength during long term storage: 
 Bovine serum albumen (BSA) and Gelatin are inert proteins commonly 
used as blocking agents in immunoassays. Both of them were tested in this 
study as blocking agents in the CNP-containing developer solutions. Two CNB 
developer solutions, one containing BSA and the other containing gelatin were 
prepared and stored in the fridge. They were observed for a long storage time to 
register any change in characteristics. Gelatin containing solution was observed 
to remain stable over time, whereas, BSA-containing solution was observed to 
change colour into dark yellow after two weeks. Irrespective of this colour 
change the developer was observed to perform adequately nice for several 
months. Effect of ionic strength whether due to buffer salts or NaCl on the 
storage properties of the BSA-containing developer was studied and 
observations recorded as shown below.  
 
3.2.1.1.c.i. Ionic strength and the stability of BSA-containing CNP 
                   developer solution: 
 The colourless CNP developer solution containing BSA was observed to 
change colour into dark yellow after a relatively short period of storage time 
(two weeks). However, this colouration was observed to depend on ionic 
strength and the intensity of colour change was observed to decrease with 
increasing ionic strength till it was totally suppressed. No colour change was 
observed to take place in 1 M phosphate developer as shown on Fig. (4). 
 
 
 
 
 
 
 
 
 75
 
  
 
Fig. (4): Ionic strength and the colour change of BSA-containing CNP 
               developer solution upon storage.  
 
3.2.1.1.c.ii. Sodium chloride content and the stability of BSA-containing 
                   CNP developer solution: 
 Increasing ionic strength of the developer solution by increasing sodium 
chloride content was observed to prevent colouration of the solution during 
storage, exactly like the effect of increasing ionic strength by increasing 
concentrations of the buffer salts, but with the added advantage of enhancing 
colour development on the surface of test strip during assay performance.  
 
3.2.2. Studies on AEC chromogen in ECIAs: 
 AEC substrate in this ECIA was observed to develop a pale yellow 
colour as shown on Fig. (5). The variable intensities of this colour can not be 
easily differentiated by eye when the concentrations of the unknown samples 
are closely related. The chromogen was not found to be encouraging for any 
further studies in this particular design and the work on it was immediately 
stopped. 
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Fig. (5): The faint yellow colour of AEC compared to CNP and TMB at neutral 
               pH. 
 
3.2.3. Studies on the soluble TMB chromogen in ECIAs: 
 Effect of pH, ionic strength, type of buffer as well as buffer composition 
on production of colour by TMB was carefully studied and the results 
documented as shown below: 
 
3.2.3.1. Effect of pH on the oxidation of TMB: 
 TMB-containing developers were observed to produce colours of 
different intensities at different pH values. When phosphate buffers at pH 6.0, 
pH 7.0 and pH 8.0 were prepared and tested, the colour intensity and the speed 
of colour development were observed to increase with decreasing pH values as 
shown on Fig. (6). 
 
3.2.3.2. Effect of ionic strength on colour production by TMB: 
 Phosphate buffer solutions (pH 7.2) with increasing ionic strength (0.01, 
0.05 and 0.1 M) were prepared and tested as substrate buffers for TMB 
chromogen. Buffers of low ionic strength were observed to develop more 
intense colours compared to buffers of high ionic strength as shown on Fig. (7).   
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Fig. (6): Acidic are producing more intense colours than neutral and alkaline 
               pH’s.   
 
 
 
Fig. (7): Effect of ionic strength on colour development. 
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3.2.3.3. Effect of buffer composition on colour production by TMB: 
 In immunoassays in general, different additives are included in different 
buffers for different reasons. Alcohol is included in TMB-containing substrate 
buffers as a solvent for DSS, whereas, gelatin is included as a blocking agent to 
minimize the non-specific binding in the bulk solution. Each of these additives 
may have a negative “retarding” or a positive “enhancing” effect on colour 
development. In order to study the effects of these additives on colour 
production by TMB in the different substrate buffers, an “additives-free” buffer 
was included as a control beside an alcohol-containing as well as a gelatin- 
containing buffer so as to see if the particular additive is having a positive 
“enhancing” or a negative “retarding” effect on colour development. A 
combination of both of these additives in the same buffer was also included so 
as to see the effect of both additives if they were to be included simultaneously 
in the same substrate buffer. Effect of these additives on colour production by 
TMB was tested in phosphate and acetate buffers, as well as their corresponding 
buffered salines (PBS and ABS). 
 
3.2.3.3.1. Production of colour by TMB in acetate buffer: 
 Colour was observed to develop spontaneously by TMB in the 
“additives-free” acetate buffer (pH 5.5) as shown on Fig. (8a). 
 
3.2.3.3.1.a. Effect of alcohol on colour production by TMB in acetate 
                   buffer: 
 Alcohol (20%) when added to acetate buffer was observed to bring a 
more intense colour compared to the control “additives-free” buffer as shown 
on Figs. (8a and b).  Alcohol does not only bring a positive “enhancing” effect 
on colour development, but was also observed to stabilize the colour produced 
and leaves a colourless solution compared to the control “additives-free” buffer 
which leaves a reddish-brown coloured solution after a prolonged incubation. 
This effect is clearly visible when the test strip is raised or withdrawn from the 
bulk solution as shown on Fig. (8b). 
 
3.2.3.3.1.b. Effect of gelatin on colour production by TMB in acetate 
                   buffer: 
 Gelatin (1% w/v) when added to the TMB-containing acetate buffer was 
observed to have a negative “retarding” effect on colour development compared 
to the control (Additives-free) buffer as shown on Fig. (8a). 
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Fig. (8a): Effect of alcohol on colour production by TMB in acetate buffer. 
 
 
 
Fig. (8b): Alcohol stabilizes the colour produced and leaves colourless solution 
                 in acetate buffer. 
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3.2.3.3.2. Production of colour by TMB in ABS: 
 On the contrary to acetate buffer, no colour development at all was 
observed to take place in the “additives-free” TMB-containing acetate buffered 
saline (ABS) as shown on Fig. (9). 
 
3.2.3.3.2.a. Effect of alcohol on colour production by TMB in ABS: 
 Addition of alcohol (20%) to ABS was not observed to have any effect 
on colour production as colour was not spontaneously produced in the control 
“additives-free” buffer as shown on Figs. (9 and 10). 
 
3.2.3.3.2.b. Effect of gelatin on colour production by TMB in ABS:  
 Gelatin (1% w/v) was observed to facilitate “initiate” colour production 
by TMB in ABS although it was not spontaneously produced in the control 
“additives-free” buffer as shown on Figs. (9 and 10). A light red colour was 
observed to develop on the surface of the membrane when the enzyme tracer 
was diluted 1/100 as shown on Fig. (9), whereas a bright green colour was 
observed to develop on the surface of the membrane by the same enzyme tracer 
when the later was diluted 1/50 as shown on Fig. (10). Enzyme diluent is PBS. 
 
3.2.3.3.3. Production of colour by TMB in phosphate buffer: 
 In contrast to acetate buffer no colour was observed to be produced by 
TMB when phosphate buffer (pH 7.2) was used as a developer buffer as shown 
on Fig. (11). 
 
3.2.3.3.3.a.  Effect of alcohol on colour production by TMB in phosphate 
                    buffer: 
 Alcohol (20%) was not observed to have any effect neither positive nor 
negative on colour production by TMB in phosphate buffer as colour was not 
spontaneously produced in the “additives-free” buffer as shown on Fig. (11). 
 
3.2.3.3.3.b. Effect of gelatin on colour production by TMB in phosphate  
                   buffer: 
 Gelatin (1%) was observed to initiate (induce) colour production by TMB 
in phosphate buffer although it was not spontaneously produced by the 
“additives-free” buffer as shown on Fig. (11). 
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Fig. (9): Failure of colour production by TMB in acetate buffered saline 
 
 
 
 
Fig. (10): Effect of gelatin on TMB-containing ABS developers. 
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Fig. (11): Failure of colour production by TMB in phosphate buffer 
 
3.2.3.3.4. Production of colour by TMB in PBS: 
 On the contrary to ABS colour was observed to develop spontaneously 
by TMB in PBS, However, the colour produced was observed to escape from 
the surface of the membrane into the bulk solution after a prolonged incubation 
time (30 minutes) as shown on Figs (12b and c).  
 
3.2.3.3.4.a.  Effect of alcohol on production of colour by TMB in PBS: 
 Alcohol was observed to have a positive enhancing effect when added to 
TMB-containing PBS compared to the control “alcohol-free” buffer as shown 
on Figs. (12a and b). Alcohol was also observed to make the membrane surface 
glossy and light reflective as shown on Fig. (12c). 
 
3.2.3.3.4.b.  Effect of gelatin on colour production by TMB in PBS: 
 Gelatin (1%) was observed to have a negative “retarding” effect on 
colour production when added to TMB-containing PBS compared to the control 
“gelatin-free” buffer as shown on Figs. (12a and b).  
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Fig. (12a): Alcohol has a positive “enhancing” effect on colour production by  
                   TMB in PBS. 
 
 
 
Fig. (12b): Effect of Alcohol on TMB-containing PBS developers. 
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Fig. (12c): Alcohol produces glossy and light-reflective surface.  
 
3.3. Results of Optimization Studies: 
3.3.1. Optimization of reagent concentrations and development conditions: 
The concentrations of all reagents used for coating (GOase and Ab) were 
optimized. The parameters known to facilitate the solubility of the coated 
proteins in the coating solution or their partitioning onto the solid phase during 
the coating process (i.e., ionic strength, NaCl content, alcohol content, etc.) 
were also optimized. Analyte free buffers (zero standards) were used during 
optimization studies.   
 
3.3.1.1. Optimization of GOase concentration in the coating solution: 
3.3.1.1.a. Optimization of GOase concentration using CNP chromogen: 
An interesting observation was made during the optimization of GOase 
enzyme. The observation was that when the coated GOase concentration is 
high, the violet colour produced by CNP chromogen tends to escape 
immediately into the bulk solution, leaving little or no colour at all on the 
surface of the membrane. But when the concentration of the coated GOase is 
gradually reduced the violet colour was observed to stay on the surface of the 
membrane at a certain dilution (1/2560) which is considered as the optimum 
dilution. No colour escape at all was observed at this dilution leaving a clear 
developer solution. However, with further GOase reduction, no colour 
development was observed to take place on the surface of the membrane and 
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the test strips were observed to stay colourless inside the colourless developer 
solution. 
 
3.3.1.1.b. Optimization of GOase concentration using TMB chromogen: 
When TMB chromogen was used the same patterns of colour escape or 
production of stable colours as that of CNP was observed to occur at the same 
concentrations of coated GOase. The coated membranes showing escaping 
colours when TMB chromogen is used coincides with those showing escaping 
colours when CNP chromogen is used. The same applies for production of 
stable colours. 
 When test strips coated with decreasing levels of GOase are immersed in 
TMB-containing developer solutions, a quickly developing blue colour was 
observed to build up which immediately escaped into the bulk solution as 
shown on Fig. (13). The colour took a little longer time to develop on the 
surface of the next test strip and even longer with the following ones. 
 
 
 
 
Fig. (13): Immediate TMB chromogen escape when GOase level is high. 
 
 An only one escaping colour (violet) was observed to develop when CNP 
chromogen is used, however, when TMB chromogen is used a light blue colour 
was observed to develop. The light blue TMB colour on the surface of the 
membrane was observed to quickly escape into the bulk solution. Unlike CNP 
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the first blue escaping colour does not stay as blue but was observed to undergo 
a series of colour changes as described and shown below:  
Firstly, the blue escaping colour was observed to change gradually into 
dark blue, purple, dark purple, reddish brown, brown and eventually light 
brown as shown on Fig.s (14, 15, 16 and 17). 
 
 
 
Fig. (14): The dark blue colour of the first tube changed into purple. 
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Fig. (15): The purple colour of first test tube changed gradually into brown and 
the dark blue colour of the next test tube changed gradually into purple. 
 
 
Fig. (16): The dark blue colour of the third test tube (1/640 GOase) now 
changed into purple and the purple colour of the preceding tube changed into 
reddish-brown.   
 88
 Successive colour changes were observed to take place in each test tube 
until they finally become light brown. The appearance of the first blue colour, 
and the speed of colour escape and colour changes in each test tube was 
observed to be directly proportional to the initial GOase concentration and 
consequently to the amount of H2O2 generated. 
 At the optimum concentration of the coated GOase (1/2560), the first 
blue colour produced was observed to stay stable on the surface of the 
membrane with no colour escape into the bulk solution or colour change as 
shown on Fig.s (17) and (18). 
 
 
 
Fig. (17): Gradual change of escaping colours into brown. 
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Fig. (18): Prevention of TMB colour escape in ECIA by optimization of GOase 
                 concentration. 
 
3.3.1.1.b.i.Role of changing H2O2 levels in continuous TMB colour changes: 
 In order to show that the continuously generated H2O2 (by GOase coated 
on the solid phase surface) and its subsequent escape into the bulk solution is 
responsible for the continuous colour change taking place in the bulk, the 
following experiment was done in the liquid phase. 
 In this experiment solid phase is eliminated and the whole experiment is 
done in the liquid phase. In this experiment H2O2 generator (GOase) was also 
eliminated and replaced by different concentrations of H2O2 solution.  Neat 
H2O2 solution (10%) is then taken and diluted to give the following series 
(Neat, 9/10, 8/10, 7/10, 6/10, 5/10, 4/10 and 3/10). 100 µl of each dilution was 
then added to a TMB solution containing a constant concentration of peroxidase 
enzyme. Different colours were observed to develop in solution when H2O2 was 
added; these colours correspond to different concentrations as shown on Fig. 
(19). In solution the blue colours were again observed to develop with low 
concentrations of  H2O2 whereas, brown or yellow colours were observed to 
develop with high H2O2 concentrations as observed with the solid phase of 
changing H2O2 levels due to continuous generation. 
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Fig. (19): Evidence that the continuously changing H2O2 concentration 
produced by the solid phase is responsible for the continuous colour changes. 
 
3.3.1.1.b.ii. Relationships between H2O2, TMB and peroxidase enzyme: 
 In order to study the effect of changing TMB content on colour change in 
the liquid phase, constant amounts of H2O2 and peroxidase enzyme were added 
to one ml of a pH 3.0 solution. Increasing amounts of TMB (25, 50, 75, 100, 
150 and 200 µl of TMB/tube) were then added and mixed. Colour changes were 
observed and recorded.   
 Changing TMB content, while keeping constant amounts of H2O2 and 
peroxidase enzyme was also observed to bring about colour changes, but on the 
contrary to H2O2 behaviour, high content of TMB was observed to produce blue 
colours, whereas low content was observed to produce yellow colours as shown 
on Fig. (20).  
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Fig. (20): Changing TMB concentrations produce colour changes in a manner 
opposite to changing H2O2 concentrations (Blue colours with high TMB content 
and yellow with low). 
 
3.3.1.2. Optimization of primary antibody concentration in the bi-layered 
             coating: 
 In the bi-layered coating design DASS was immobilized first together 
with GOase, then followed by the primary anti-T4 antibody. The locally 
produced DASS was found to function optimally when diluted 1/200. The 
suitable primary anti-T4 antibody dilution that works optimally after pre-
coating with DASS was found to be 1/10,000. However, when directly coated 
the optimum dilution of the primary anti-T4 antibody was found to be 1/500. 
The optimum antibody concentration was chosen as the antibody titre that 
produces the most intense colour for the zero standard and a pale, but still 
distinguishable colour for the (cutoff) reference standard (50 nmole/L).  
  
3.3.1.3. Optimization of ionic strength of the selected coating buffer: 
 The selected coating buffer (phosphate buffer) was prepared at three 
different molarities (0.01, 0.05, and 0.1 M) and used for coating. The most rapid 
and intense colour was observed to develop when 0.01M phosphate buffer was 
used, which is considered as the optimum for coating.   
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3.3.1.3.i. Optimization of NaCl content of the selected coating buffer: 
 As this test strip design is intended to be visual, no instrumental methods 
of evaluation were adopted during assay development and the study relied 
totally on visual observation, to compare colours, to extract information, and to 
draw conclusions. Colours normally increase in intensity with time and after a 
considerably long time the different colours of the different tests approach each 
other till they finally become of equal intensity. For the purpose of standardized 
comparisons of colour intensities during the optimization process in this study, 
the substrate incubation time was taken as 5 minutes. The colour intensity 
immediately preceding the colours of equal intensity during this time was taken 
as the colour corresponding to the optimum parameter under test (reagent 
concentration or assay condition). 
 When sodium chloride was added at variable concentrations to the 
coating buffer starting with salt free buffer (0.0%, 0.06%, 0.6%, 0.9%, 1.8%, 
3.6% w/v) which are equivalent to (0.00, 0.01, 0.10, 0.15, 0.30 and 0.60 M 
NaCl) respectively, it was observed that the salt free buffer developed the least 
intense colour. The colour intensity was observed to increase with increasing 
NaCl content of the coating buffer as shown on Fig. (21). 
 0.15 M NaCl content of the coating buffer was selected to be the 
optimum as it gave a sufficiently intense colour but still visually differentiable 
from others during substrate incubation time (5 minutes). All of the following 
higher molar concentrations of NaCl were observed to produce colours of equal 
intensity during the selected substrate incubation period. Any further increase of 
NaCl content above 0.15 M was not observed to be accompanied by any further 
differentiable improvement in “visual” colour intensity.  
 At the different NaCl concentrations the bi-layered coating design was 
observed to give better results (more intense colours without colour escape) 
compared to the direct coating design and required less of the enzyme tracer. 
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Fig. (21): Optimization of NaCl content of the coating buffer. 
 
3.3.1.3.ii. Effect of physiological saline on retention of CNP colours: 
 Test strips of Fig. (21), when left in the developer solution for a relatively 
long time, they were observed to develop colours of equal intensity including 
the one coated with NaCl free buffer. However, when these test strips were 
removed from the developer solution and transferred to tubes containing the 
corresponding phosphate buffered salines used for coating and left to stay 
overnight in this solution, the colours of all the test strips were observed to fade 
down, except for that incubated with 0.9% NaCl containing buffer, which was 
observed to retain colour of the same intensity after this prolonged storage time 
as shown on Fig. (22).  
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Fig. (22): Test strips kept in physiological saline retain the same colour 
                 intensity after an overnight incubation. 
 
 Dipsticks are normally removed from the developer solution as soon as a 
reasonably distinguishable violet colour develops on the upper cut-off reference 
pad. 
  
3.3.1.4. Optimization of alcohol content of the selected coating buffer: 
 The selected coating and blocking buffers were mixed with different 
concentrations of methanol (0%, 0.15%, 3%, 6%, 9% and 12% v/v 
respectively). The intensity of the colour produced and the speed of colour 
development were observed to be proportional to alcohol content with an 
optimum at 3% and very faint colour with alcohol free buffer. 
 
3.3.1.5. Optimization of the ionic strength of the selected wash buffer: 
 Three different ionic strengths (0.1, 0.05 and 0.01 M) of the selected 
wash buffer were tested. Test strips washed with high molarity solutions were 
observed to provide rapid and more intense colour in both the direct and bi-
layered coating designs. But when tested after a period of few days the test 
strips washed with high molarity solutions failed to develop any colour at all, 
whereas those washed with low molarity solutions are stable and producing 
stable colours. At all the different ionic strengths tested the bi-layered coating 
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design gave better results in terms of colour intensity and colour stability 
compared to direct coating design. 
 
3.3.2. Optimization of development conditions: 
All the development conditions for coating, blocking and drying were 
optimized including optimization of all the conditions adopted (time, 
temperature and pH) during product development as shown below:  
 
3.3.2.1. Results of optimization of the coating time: 
The optimum coating time for the two co-immobilized proteins was 
found to be an overnight incubation as it gave the best homogeneous coating 
and the most precise and reproducible results as shown on Fig. (23). The 
optimum coating results were achieved by incubation in the cold (2 – 8 °C in 
the refrigerator). 
 
 
 
 
Fig. (23): Optimization of the coating time.  
 
3.3.2.2. Results of optimization of the drying time: 
The speed of drying is a function of three variables: time, temperature 
and humidity which are the conditions affecting the drying process. Results of 
this study have shown that air drying at room temperature gave adequate 
results. Membranes dried in the oven at elevated temperatures (40-80 Cº) for 
half an hour were observed to stay colourless during colour development.   
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Optimum results were obtained by drying at room temperature under 
desiccated reduced pressure for two hours. Inadequate drying in this ECIA was 
also observed to result in colour escape into the bulk solution. Over-drying was 
observed to lead to complete failure of colour development during assay 
performance. 
 
3.3.3. Results of optimization of assay conditions: 
3.3.3.1. Incubation time during the competition step: 
 The advantage of this design is that the colour develops very quickly on 
the surface of the test pad in case of hypothyroid samples. Incubation time in 
competitive assays is normally controlled by the coated antibody titre. High 
antibody concentration can extremely shorten the incubation time and result in a 
rapid assay but at the expense of sensitivity. The first step incubation time in 
this design was considerably reduced by the use of highly concentrated enzyme 
tracer. A very intense colour was observed to develop with the negative control 
in a five minutes time, while a very pale, but still distinguishable colour was 
observed to develop with the cut-off reference standard. Therefore, five minutes 
was chosen as the optimum incubation time during the first competition step. 
 
3.3.3.2. Incubation time during the colour development step: 
The optimum incubation time for the colour development step is taken as 
the time required for the colour intensity of the hypothyroid cut-off pad to 
remain sufficiently distinguishable from the negative control when the later has 
just attained its maximum colour development. 
The incubation time was varied from 1 to 30 minutes in steps of 5 
minutes in order to optimize. Based on this study the optimum time for enzyme 
substrate reaction was selected to be 5 min, where no significant noticeable 
increase in the signal of the negative control was observed after 5 min of 
incubation time.  Any more time results in the intensity of the reference pad 
colour to approach that of the negative control pad. This makes colour 
intensities of the intermediate concentrations indistinguishable. Hence, all 
subsequent experiments were performed with a 5-min incubation time during 
the colour development step. 
 
3.3.4. Results of optimization of the developer solution constituents: 
 Each developer solution constituent (chromogen content, β-D-glucose, 
blocking agent, alcohol content etc.) to be used in this new ECIA design was 
studied, carefully selected and optimized. 
 
3.3.4.1. Results of chromogenic substrate optimization studies: 
 Before selection of the best chromogenic substrate to be used in this 
study, the concentration of each chromogen in the developer solution was 
optimized in order to compare. 
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3.3.4.1.a. Optimization of CNP chromogen content in the developer: 
 The optimum CNP content in the developer solution was determined by 
preparing developer solutions of gradually increasing chromogen content (0.15, 
0.30, 0.6, 0.9, 1.8 mg/L respectively). The most intense and rapid colour was 
observed to develop with 0.60 mg CNP/L of the developer solution as shown 
on Fig. (24). 
 
 
 
     
Fig. (24): The optimum content of CNP chromogen in the developer solution. 
 
3.3.4.1.b. Optimization of TMB chromogen content in the developer: 
 The optimum TMB content in the developer solution was determined by 
preparing stock solutions of gradually increasing chromogen content (namely, 
2.4, 4.8, 7.2, 9.6 and 12 mg/ml respectively), and consequently preparing 
working developer solutions from these stock solutions. The optimum TMB 
content was found to be 9.6 mg/ml of the developer solution as shown on Fig. 
(25). 
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Fig. (25): Optimization of TMB chromogen content in the developer 
 
3.3.4.2. Optimization of β-D-glucose content of the developer solution:  
The glucose content of the developer solution was serially diluted and 
prepared in 50 ml solutions as follows (0.900, 0.450, 0.225, 0.113, 0.056 and 
0.028) which are equivalent to (1.800, 0.900, 0.450, 0.225, 0.113, 0.056 g/dl) in 
order to be optimized. The colour intensity and the speed of colour development 
were observed to increase with increasing glucose content of the developer 
solution up to an optimum of 0.9g/dl. Then they started to decrease with further 
increase in glucose content and they were observed to be accompanied by 
colour escape as shown on Fig. (26). 
 It was also observed that with increasing β-D-glucose concentration 
beyond a certain limit, the colour did not stay on the surface of the membrane 
but started to escape into the bulk solution leaving a faintly coloured or 
colourless membrane and a heavily coloured solution.  
 
 
 
 
 
 
 
 
 99
 
 
 
Fig. (26): Optimization of β-D-glucose content in the CNP developer solution. 
 
3.3.4.3. Optimization of enzyme tracer concentration: 
3.3.4.3.a. Optimization of enzyme tracer concentration with CNP: 
 The selected enzyme tracer was serially diluted into (1/12.5, 1/25, 1/50, 
1/100 and 1/200 respectively) in order to be optimized. The intensity of the 
colour produced on the surface of test strips was observed to be directly 
proportional to the enzyme tracer concentration. The highest enzyme tracer 
concentration (1/12.5) was observed to develop the most intense colour without 
colour escape into the bulk solution. The lowest enzyme tracer concentration 
(1/200) was observed to develop the least intense colour with a considerable 
colour escape as shown on Fig.s (27) and (28). 
What deserves to be noted in this connection is the observation that the 
amount of the colour escaping from the surface of the test strip into the bulk 
solution was observed to be inversely proportional to the enzyme tracer 
concentration. This observation is clearly demonstrated by elevating the test 
strips of the above experiment slightly above the level of the developer solution 
where the amount of the escaping colour was observed to be highest in test 
tubes containing the lowest enzyme tracer concentration and there is no colour 
escape at all at the optimum enzyme tracer concentration leaving a clear 
colourless solution as exemplified by Fig. (28). 
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Fig. (27): Optimization of enzyme tracer concentration with CNP. 
 
 
 
Fig. (28): Relationship between enzyme tracer concentration and the degrees of 
                 colour escape. 
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3.3.4.3.b. Optimization of enzyme tracer concentration with TMB: 
 The selected enzyme tracer was serially diluted into (1/12.5, 1/25, 1/50, 
1/100 and 1/200 respectively) as done with CNP in order to be optimized. The 
same direct proportionality of the enzyme tracer content and colour intensity as 
with CNP was also observed. However, the colours were observed to be stable 
even at high enzyme tracer dilution and no sign of colour escape into bulk 
solution was observed except of a very faint colour at 1/200 enzyme tracer 
dilution.  
 
3.3.4.4. Optimization of alcohol content in the TMB developer: 
 Alcohol was found to be beneficial for TMB-containing developers and 
alcohol content of these solutions was varied as follows (0.5, 1.0, 1.5, 2.0, 2.5 
ml alcohol/5ml developer) i.e., in steps of 0.5 ml in order to be optimized. The 
produced colour was observed to be red when alcohol content is 0.5 ml (10%), 
a light green colour was developed when alcohol content is 1.0 ml (20%). A 
dark green colour was observed to develop when alcohol content is 2.0 ml 
(40%), but a light green colour was observed to develop again when alcohol 
content was increased to 2.5 ml (50%) as shown on Fig.s (29 and 30). 
Therefore, TMB chromogen was observed to change both colour and colour 
intensity with increasing alcohol content of the developer buffer.   
 
3.4. Restoration of test strip colours after fading: 
In most of the chemicals used for chromogenic detection the coloured 
precipitates have a tendency to fade over time, therefore, the result should be 
interpreted immediately.  However, one of the very interesting observations 
made during the development of this design is that the colour of CNP 
chromogen can be very quickly restored after fading just by re-wetting the dry 
membrane by addition of tab water or by re-immersing the membrane in, and 
quickly removing it out of the developer solution. The colour of the TMB 
charge transfer complex normally last longer, however, it can not be restored 
after fading and drying.    
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Fig. (29): Optimization of alcohol in TMB developers. 
 
 
 
Fig. (30): TMB chromogen changes both colour and colour intensity with 
                 increasing alcohol content. 
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3.5. Use of catalase to prevent colour production in the bulk solution: 
 Scavenger enzymes are used in ECIA’s to prevent colour production in 
the bulk solution due to escape of H2O2 into the bulk. Scavenger enzymes can 
capture and eliminate any H2O2 escaping into the bulk before it can react and 
produce colours in solution. Colour production in the bulk solution in this study 
was observed only when GOase and the enzyme tracer are not fully optimized. 
The scavenger enzyme (catalaze) was tested for its ability to prevent colour 
production in the bulk solution. Catalase enzyme included at different dilutions 
in the developer solution in this study was observed not only to keep colourless 
solution, but also to delay the colour production on the surface of the membrane 
in this membrane-based enzyme channeling immunoassay. 
 
3.6. The optimized assay protocol for field use: 
 There are two possible methods for assay performance in this design; 
each is made of two simple steps: 
(1) The competitive assay protocol. 
(2) The non-competitive assay protocol with delayed addition of enzyme tracer. 
However, the competitive assay protocol gave a relatively intense colour 
after a short substrate incubation time and high reproducibility compared to the 
non-competitive protocol. Therefore, the competitive assay protocol was 
adopted for this study. The competitive assay protocol can be performed in two 
simple steps: 
a. The competition step. 
b. The colour development step (substrate incubation step). 
 As a result of the continuous optimization process of assay conditions the 
following competitive assay protocol was developed and adopted: 
 In the competition step the strip is immersed in small LP3 tube (7x5x50 
mm) containing 580 µl of an incubation buffer and 20 µl of unknown sample. 
The incubation buffer is made of 80 µl enzyme tracer (diluted 1/25), 100 µl 
ANS and 400 µl assay buffer. The final volume in the test tube will be 600 µl to 
completely immerse both the test pad and the reference pad. The strip is 
incubated for 5 minutes in this mixture then transferred to the colour 
development tube. The colour development tube is also an LP3 tube containing 
600 µl of the developer solution where the test strip is incubated for another 5 
minutes. 
 
3.7. Use of test strips for the visual detection of hypothyroidism: 
 All the efforts of assay design, material selection and optimization 
studies are culminated by the development of the required test strips for the 
rapid visual detection of hypothyroidism as shown on Fig. (31). The finished 
test strips on Fig. 31 when used for the detection of hypothyroidism on pre-
determined samples they showed -from left to right- a hypothyroid case (left) 
where the test pad (bottom) developed a darker colour compared to the 
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reference pad (cut-off point for hypo-). The test strip in the middle shows an 
undistinguishable borderline case. The test strip on the right hand side shows a 
non-hypothyroid case, which could be either eu- or hyperthyroid case. 
 
 
 
Fig. (31): Visual detection of hypothyroidism 
 
3.8. Results of assay validation studies: 
 Assay validation in qualitative and semi-quantitative test strips could be 
reduced to analytic and diagnostic sensitivity and analytic and diagnostic 
specificity only. This is simply because no measurable results could be obtained 
from these visual tests to calculate the other parameters of analytical validation.  
Therefore assay validation in qualitative tests is nothing more than analytical 
sensitivity and specificity as well as diagnostic sensitivity and specificity. 
 
3.8.1. Results of analytical sensitivity and specificity: 
 Analytical sensitivity (minimum visual detection limit) of this design as 
determined by ten different observers was found to be 30 nmole/L. Maximum 
visual detection limit was found to be 85 nmloe/l. Analytical specificity or cross 
reactivity of the locally produced anti-T4 antibody was previously determined 
during antibody characterization, immediately after antibody production in the 
radioimmunoassay laboratory of Sudan Atomic Energy Commission (Abbas, 
2000). 
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3.8.1.1. Results of reproducibility:  
 All persons (test observers) agreed on negative results for the samples 
containing T4 concentrations higher than the cut-off point (50 nmole/l) and 
positive results (presence of hypothyroidism) for the samples containing T4 
concentrations lower than the cut-off point. All observers agreed on difficulty 
of differentiating between the colour of the test pad and that of the reference 
pad when T4 concentration is 50 nmole/l. 
 In intra-observer variability studies the test person correctly identified the 
positives samples as positive (the hypothyroid samples as hypo) and the 
negative samples as negative and failed to classify samples containing 50 
nmole/l of serum thyroxine. 
    
3.8.2. Results of diagnostic sensitivity and specificity: 
 For the purpose of simplification of calculations reference is made to the 
presence of hypothyroidism as positive and its absence (whether eu- or 
hyperthyroidism) as negative. 
The presence of the cut-off point (decision limit) allows classification of 
test results into positive or negative categories. Calculation of D-SN and D-SP 
are aided by associating the positive/negative categorical data with known 
thyroid status for each subject using a two- way (2 × 2) table. The mother RIA 
kit (adopting the same antibody) was used for comparison in this study. 
   
Table. 1. Calculations of D-SN and D-SP aided by a 2 x 2 table that associates 
thyroid status with test results from 1636 reference subjects (of known thyroid 
status): 
                  
 
Reference subjects of known thyroid status 
Hypothyroid Eu- or hyperthyroid 
Positive 310 TP       FP   21                        
 New 
Test 
Results 
Negative   15 FN TN 1326 
 
Diagnostic sensitivity 
 
  TP    X 100 = 310 X100     
TP+FN             325 
                   =  95.0%   
Diagnostic specificity 
   TN    X100  =  1326 X100  
TN+ FP              1347 
          = 98.4% 
 
Table. 1. Shows the results of diagnostic sensitivity and diagnostic 
specificity calculations for this newly developed test strip. According to these 
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calculations diagnostic sensitivity was found to be 95% and diagnostic 
specificity was found to be 98.4%. 
 
3.9. Results of the product expiration dating: 
 Product expiration dating is the ultimate practical result of determining 
stability. Two methods for determining product stability were adopted in this 
study. 
 
3.9.1. Accelerated aging studies: 
 Accelerated aging studies were performed by comparing the results of the 
test strips stored at 37º C on daily basis with those of the same batch but kept 
under the optimum storage conditions. 
 When the stability of this ECIA test was accessed by accelerated aging at 
37º C, the results of the test strips stored at 37º C were observed to agree with 
those of the same batch stored at the optimum conditions until day 29th. On day 
30 delay of colour development and prolongation of the substrate incubation 
time compared to the control test strip were observed and recorded. On 37th a 
faint colour development was observed after 30 minutes of substrate incubation. 
After day 37th any further experimentation was stopped as 30 minutes is 
considered a long time and any test requiring more than 30 minutes according 
to definitions is not considered as a rapid test. Twenty nine days at 37º C is 
equivalent to 290 days.  
 
3.9.2. Real-time stability studies:      
 Real-time evaluation studies on bi-weekly basis have shown that, test 
strips stored under the optimum conditions were observed and recorded to stay 
stable for one year and 6 weeks. After this time the test strips were observed to 
require a noticeably longer substrate incubation time to develop an easily 
distinguishable colour. To leave a reasonable precautionary time margin, the 
real-time shelf life for this product was considered as one year. 
 
3.9.3. Shelf life of the developer solution:      
 All the developer solutions tested in this study, except for gelatin 
containing CNP developer were observed to stay stable for more than two years 
if stored “un-opened” and protected from light under the suitable storage 
temperature (2 – 8º C). Stability studies on BSA and gelatin containing CNP 
developers were done under section 3.2.1.1.c.i. above and the results shown on 
Fig. 4. 
     
3.10. The serendipitous findings: 
3.10.1. The photo-oxidation of TMB: 
 As this test is intended to be used as a field test, the finished product 
using the highly sensitive TMB chromogen was tested under the more drastic 
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field conditions (direct sunlight without a shelter). Surprisingly under these 
conditions the test became totally non-discriminative as both the test pad and 
the reference pad immediately developed colours of equal colour intensity 
irrespective of the tested analyte concentration. This colour was observed to be 
extra-ordinarily stable on the surfaces of both pads with no colour escape at all 
into the bulk solution. The colour was observed to develop on the active surface 
of the membrane only, with no colour production at all in the bulk solution 
although the TMB chromogen is dissolved in solution. 
 In order to identify the reasons behind the immediate development of 
colours of equal intensities on both pads under the direct sun-light studies on 
TMB chromogen were continued.  
  
 Further careful investigations have shown that: 
 
(1) The produced colour is of no relevance to the concentration of the analyte 
under test or to the GOase level coated on the surface of the membrane. 
(2) This colour develops even if both the test sample and T4-HRP conjugate 
were eliminated from the medium and even if β-D-glucose and the other 
constituents of the developer solution were eliminated. 
(3) This colour develops even if a plain (non-coated) nitrocellulose filter is 
immersed in a solution containing only TMB. Therefore, it is left only for a  
role of nitrocellulose  membrane in the catalysis of TMB photo-oxidation.        
  
3.10.2. Role of nitrocellulose in TMB photo-oxidation: 
 In order to investigate the role of nitrocellulose in TMB photo-oxidation, 
nitrocellulose from four different suppliers (Whatman, Sigma, Amersham and 
Millipore) was tested. Other types of membrane filters, other than nitrocellulose 
were also tested in order to study the effect of membrane type on the photo-
oxidation of TMB. The other types of membrane filters tested were 
polyethylene sulphone, polyvinyledine diflouride “PVDF”, cellulose triacetate 
as well as Whatman No.1 filter paper. 
 A plain un-impregnated disc (5 mm in diameter) of each type of 
membrane was cut, assembled into a test strip and immersed in a TMB solution 
which is then exposed to direct sun light. Green colours of different intensities 
were observed to develop on the surface of nitrocellulose filter membranes 
only. No colour was observed to develop on the surface of other filter types as 
shown on Fig. (32). 
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Fig. (32): Effect of membrane filter type on photo-oxidation of TMB. 
 
 Tested filters shown on Fig. (32) from left to right are nitrocellulose 
(Whatman), nitrocellulose (Sigma), nitrocellulose (Amersham) and 
nitrocellulose (Millipore), polyvinyledine diflouride “PVDF” (Amersham), 
polyethylene sulphone (Pall corporation), cellulose triacetate (Shandon) and 
Whatman No.1 (Whatman). 
 The first four filters which developed colours are all nitrocellulose. Other 
filter types failed to develop any colour at all. Later experiments have shown 
that different distinct colours can be produced when different buffers of 
different pH are used. The photo-oxidation of TMB on the nitrocellulose 
membrane surface was not observed to take place under the indirect laboratory 
light. 
 
3.10.3. Investigation of free radical formation during photo-oxidation: 
 Ascorbate, being a free radical scavenger was used to investigate the 
free-radical nature of nitrocellulose–catalyzed photo-oxidation of TMB. Freshly 
prepared developer solutions containing the following ascorbate concentrations 
(0.00, 0.25, 0.50, 1.00, 2.00, 3.00, 4.00 and 5.00 mmole/L) were prepared and 
tested.  
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3.10.4. Evidence of free radical formation during TMB photo-oxidation: 
 Ascorbate concentrations of more than 1 mmole/L were observed to 
significantly reduce, but do not totally suppress the color development by 
nitrocellulose-catalyzed photo-oxidation of TMB. Faint colours of equal colour 
intensity (irrespective of ascorbate content) were observed to develop at any 
ascorbate concentration of more than 1 mmole/L as shown on Fig. (33), these 
faint colours were observed to develop even at extremely high Ascorbate 
concentrations. 
 
 
 
Fig (33): Ascorbate suppression of nitrocellulose-catalyzed photo-oxidation of  
                TMB.  
 
3.10.5. Colours of TMB oxidation products are pH dependent: 
 Photo-oxidation of TMB was observed to produce different colours when 
different buffers are used, however, these colours were observed to be pH 
dependent and each colour is characteristic for a certain pH range. In order to 
investigate the relationship of each TMB colour to a particular pH range, buffer 
solutions covering the whole pH scale from pH 1 to pH 14 in steps of 1 pH 
units were prepared in order to be tested. Nitrocellulose filters were 
impregnated by immersion in acidic TMB solution (Citric acid-Na2HPO4, 0.02 
M, pH 4) and then dried. Dry filters were cut into circular discs 5mm in 
diameter and assembled into test strips which were immersed in the above 
mentioned buffers (pH 1 to pH 14) and exposed to the direct sunlight or any 
other source of intense light. 
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 Nitrocellulose-catalyzed photo-oxidation of TMB was observed to 
produce three basic colours, two primary colours (red and yellow at pH 9 and 
12) and one secondary colour (green at pH 4) as shown on Fig. (34). 
 
 
 
Fig. (34): The basic colours produced by nitrocellulose-catalyzed photo- 
                 oxidation of TMB. 
  
 All the other colours produced by nitrocellulose-catalyzed photo-
oxidation of TMB at different pH values are produced by these three basic 
colours. The secondary green colour when mixed with the red colour due to pH 
change it gave the tertiary brown colour as shown on Fig. (35). The primary red 
colour when mixed with the primary yellow colour as a result of pH change it 
gave the secondary orange colour as shown on the same figure. 
   
3.10.6. Development of a light-sensitive universal pH indicator: 
 Different colours of different intensities were observed to develop on the 
surfaces of the circular discs when the test strips were immersed in different pH 
solutions. Green colours of different colour intensities were observed to develop 
in the acidic pH range (pH 1 – 4) and were considered to be characteristic for 
this range. Brown colours of different colour intensities were observed to be 
characteristic for pH 5-7 range. Red colours of different colour intensities were 
observed to be characteristic for pH 8-10 range. An orange colour was observed 
to be characteristic for pH 11. Yellow colours of different colour intensities 
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were observed to be characteristic for pH 12-13 and finally a light beige colour 
was observed to be characteristic for pH 14 as shown on Fig. (35). 
 It can be clearly observed from Fig. (35) that, the colours of some closely 
related pH values can only be differentiated with difficulty using these single 
active surface test strips. 
 
 
 
Fig. (35): Colours produced by photo-oxidation of TMB at different pH values. 
 
 However, changing the pH of the impregnation buffer was observed to 
expand or shrink the pH range covered by a particular colour type. For example, 
the green colour which is characteristic for the acidic pH (1 to 4) range was 
observed to expand over a wider pH range from pH 1 to pH 6 when the 
impregnation of the membrane was done with the neutral pH 7 instead of acidic 
pH 4 as shown on Fig. (36). 
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Fig. (36): Double layered universal pH strips immersed in solution (pH 1-7)  
 
 
 
Fig. (37): Double layered universal pH strips immersed in solution (pH 8-14). 
 113
 Figs. (36 and 37) show test strips made of two active surfaces in order to 
help differentiating between closely related pH values. Test strips of three or 
four active surfaces can be assembled in this way so as to enable differentiating 
between closely related pH values more precisely. 
 Changing the concentration of the TMB chromogen was observed to 
change the intensity of the colours produced without affecting the range of pH 
values covered by each particular colour. Both of the above mentioned 
observations, namely, changing the pH of the impregnation buffer and changing 
the concentration of the TMB chromogen can be used to produce universal pH 
indicators with multiple active surfaces so as to enable differentiating between 
closely related pH values in steps of 1 pH units.  
 pH 14 can be further confirmed, by allowing the membrane surface to air 
dry, where the light beige colour produced turns into yellowish-brown and 
characteristic striations with bright white passages develop on the active surface 
of the test strip as shown on Fig. (38). 
 
 
 
Fig. (38): The characteristic striations of the dry membrane at pH 14. 
 
3.10.7. Colours produced by enzymatic oxidation of TMB are pH 
             dependent: 
 Colours produced by enzymatic oxidation of TMB in solution in presence 
of H2O2 were also observed to be pH dependent with the difference that the blue 
colour was observed to be produced by enzymatic oxidation of TMB in solution 
but not by nitrocellulose-catalyzed photo-oxidation. In addition to that 
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enzymatic oxidation of TMB by HRP/H2O2 system was not observed to take 
place at extreme pH values (extreme acidic pH 1 and 2 and extreme alkaline pH 
13 and 14) as shown in Fig. (39). However, nitrocellulose-catalyzed photo-
oxidation of TMB was observed to take place at any pH value producing the 
characteristic colour for that particular pH. 
 
 
Fig. (39): Colours produced by enzymatic oxidation of TMB in solution are pH 
                 dependent 
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3.10.8. Evaluation of some commercial urine test strips adopting TMB 
            under field conditions: 
 Many commercial dry chemistry test strips adopt TMB chromogen as a 
substrate because it is extremely sensitive. They may also use nitrocellulose as a 
carrier matrix for developing rapid test strips as it enjoys high loading capacity 
of the impregnation reagent. The findings of the present study have shown that 
the combined use of TMB and nitrocellulose is not suitable for field tests as the 
test designed with this combination tend to show the pH of the test solution 
under field conditions rather than detecting the analyte for which the test is 
intended.  
 To prove the finding that the combined use of TMB and nitrocellulose 
may give false positive results (indicate the pH) under field conditions, 
commercial test strips from four different suppliers, designed for the rapid 
detection of occult blood in urine were randomly selected and investigated 
under the direct sunlight. All of these test strips are accompanied by a leaflet 
(product insert) which states clearly that, TMB is used as a chromogenic 
substrate, but the material of the carrier matrix is not mentioned. 
 Results of the first three test strips indicated false positives for pH 3, pH 
4, pH 5 and pH 6 buffer solutions as shown on Fig. (40). Results of the fourth 
test strip have not shown any false positives at all as shown on Fig (41).   
 
 
 
Fig. (40): A commercial rapid test showing false positives for occult blood 
                 at pH (3, 4, 5 and 6) when tested under field conditions. 
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Fig. (41): A commercial rapid urine test with no false positives when tested 
                 under field conditions. 
 117
 DISCUSSION 
 
4.1. Need for the development of rapid immunodiagnostic field tests: 
All quantitative immunological methods available for diagnosis of 
thyroid disease (RIA and ELISA) to date are cumbersome, expensive and 
beyond the reach of poor, developing countries, where thyroid disease is highly 
endemic. In addition they require skilled technical manpower and sophisticated, 
expensive laboratory equipment. 
In Sudan, there is a high incidence of hypothyroidism, particularly in 
western and southern parts of the country; endemicity is still creeping further 
towards central Sudan12,224. This increase in incidence is accompanied by an 
increasing demand for the expensive (RIA and ELISA) kits for the 
determination of thyroid related hormones (T3, T4 and TSH). The situation is 
expected to worsen in terms of expenses and supply of quantitative 
immunoassay kits when screening programmes are to be launched. Therefore, 
need arises for rapid and simple diagnostic alternatives for early detection of 
hypothyroidism, particularly in neonates, born to hypothyroid mothers in 
remote and isolated areas. 
Quantification of the analyte concentration is not always necessary as the 
first step in an analytical procedure; simple qualitative or semi-quantitative tests 
reporting the presence/absence of a particular disease entity will often be 
sufficient in the first place. This again suggests the need to develop EIA 
techniques, designed as rapid qualitative/semi-quantitative immunochemical 
tests42,64,65 for an inexpensive first check of a sample. Qualitative rapid tests 
although good for a first inexpensive check up during the screening programs, 
they are not good for the follow up of the treatment later on, and a quantitative 
assay should be used instead225. 
In case of screening programmes a substantial reduction in the screening 
costs may be achieved by a two-stage control programme, in which the 
expensive RIA and ELISA microtitre plate procedures are employed only as 
confirmatory tools for those samples found to be hypothyroid in a first stage 
involving rapid and inexpensive screening methods.  
To meet the increasing demand for rapid field tests, the existing complex 
and multistep locally prepared T4-immunoassay kit has to be compressed into 
simple self-contained packages. This requires novel approaches. The technique 
should be simple, should use samples without manipulation or with minimal 
manipulations, and must provide accurate results with little or no 
instrumentation. 
Most of the available membrane-based dipstick enzyme immunoassays, 
are actually modified from existing ELISAs42,45,212,226 and irrespective of the 
assay design, they are found to exhibit a narrower working range and to be at 
least one order of magnitude less sensitive than their parent ELISAs20,25,41,66. 
Another limitation of the dipsticks is that they can only be done on the one-test 
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one-sample (single test) basis but with an advantage that multi-analytes could 
be detected with the same test strip49,50,64,65,67,227,228 a situation not achievable 
with the quantitative designs. In the field of infectious disease, nowadays, 
dipstick ELISA can be used for detection of IgM229 antibodies, both IgM and 
IgG antibodies could be separately detected by the same 
immunochromatographic test at the same time230 or by the same dipstick ELISA 
in two consecutive tests231. Similarly, the same principles applied to T4 in this 
study could be adapted to T3 and a multi-analyte test strip for simultaneous 
semi-quantitative detection of both T3 and T4 could be developed. Using the 
same design adopted for T4 it is also possible to develop a test strip for 
detection of the different thyroid states (i.e., hypo, Eu, or hyperthyroid states), 
just by inclusion of another reference pad for the upper limit of the normal 
range.   
Irrespective of their limitations, however, membrane-based ELISAs may 
have many advantages over the conventional microtitre plate ELISAs. The 
extraordinary stability of proteins dried on the membranes compared to proteins 
in solution give the membrane-based ELISAs a longer shelf life than if the 
immunoreagents and detection reagents are kept in solution112. 
The application of the membrane-based ELISAs (dipsticks) for the 
analysis of different analytes in the field, revealed another major advantage of 
this technique. Compared to the microtitration ELISAs, the membrane-based 
ELISAs proved to be very robust in terms of matrix interference20,25,35,66. 
Therefore, allowing the determination of the different analytes in their original 
matrices or body fluids without pre-treatment of the sample (centrifugation, 
extraction, clean up, etc..), a situation that facilitated the use of whole blood 
beside serum or plasma in this and the previous studies. Dipsticks can also work 
adequately nice in all the samples which are known to impose high matrix 
effects like saliva, urine, whole blood, etc. without any sample pre-treatment or 
preparation. 
In the field of microbiology, membrane-based rapid tests were developed 
which were several fold more sensitive than the tedious and time consuming 
(several days) culture techniques232-234. In the field of parasitology, Veeken and 
his co-workers43 have compared the use of rK39 dipstick rapid test for the 
diagnosis of visceral lishmaniasis (Kala-azar) in Sudan with the direct 
agglutination test and splenic aspiration and they arrived at the conclusion that 
the rK39 dipstick is a good screening test for Kala-azar and with further 
development it can replace the direct agglutination test in endemic areas of the 
Sudan. 
In addition to their main advantages of cost-effectiveness and easy field-
use, these qualitative or semi-quantitative visual designs are amenable to 
quantification in the field using cheap, portable reflectometers25,29,33,52. When 
applying instrumental reflectance measurements, dipstick ELISAs had almost 
the same range of sensitivity as the “parent” ELISAs235. 
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In response to the above-mentioned needs and to facilitate the 
biochemical detection of hypothyroidism, plans were set up for the 
development of a simple, rapid, robust, cost-effective, semi-quantitative 
membrane-based dipstick ELISA, which is also amenable to quantification in 
the field by the use of cheap, portable reflectometers. A design was proposed 
based on enzyme channeling immunoassay principles. 
Because of the reduced sensitivity and narrower working ranges of the 
dipsticks compared to their parent ELISA’s, all the possible means known to 
enhance the sensitivity of an assay, improves reaction kinetics and widen the 
working range were taken into consideration in this study, so as to produce a 
dipstick assay with a sensitivity at least comparable to that of the parent 
immunoassay kit, and with a discriminative power (resolution) to distinguish 
closely related values at the low range of clinical interest. A locally produced 
anti-T4 antibody currently in use in a locally assembled RIA “parent” kit was 
tested in this study together with imported monoclonal and polyclonal 
antibodies and was selected to be used for this test strip.  
 
4.2. Selection of solid phase supports for ECIA rapid tests: 
 The only rapid ECIA test strip reported in the literature was developed on 
surface of paper62. In order to increase the protein loading capacity and 
consequently the speed of reaction as a pre-requisite for rapid tests a number of 
polymer membranes were tested in this study.   
 Membrane substrates are valuable solid phases in immunoassays for 
application in the field141. They offer several technical advantages over the 
conventional solid phases. Membranes have a higher protein binding capacity 
due to their porosity and consequential large surface area. This property 
facilitated rapid reaction rates on surfaces of membranes, however, different 
membrane substrates produced by different manufacturers (even with the same 
pore size) may exhibit quite different intrinsic binding properties, so different 
suppliers products with the same small porosity (0.45µm) were experimentally 
tested and the membrane with the best binding characteristics was selected for 
this study.  
 With conventional solid phase the kinetics of reactions between 
immobilized and soluble reactants are limited by diffusion of the soluble, 
mobile reactants to the insoluble surface components94. Because of their flow 
through capability, membranes permit the liquid components to be actively 
drawn through the pores. This brings the soluble reactants rapidly into close 
contact with the reactive sites on the surface236 and facilitated the development 
of the highly sensitive flow-through enzyme immunoassays237. As a 
consequence, the assay time will be significantly reduced, a requirement that 
qualify membranes to be good solid support candidates for rapid tests in general 
and for immunofilteration in particular. 
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However, not all problems associated with conventional solid phases 
(e.g., non-specific protein binding) can be solved by membranes. Proteins bind 
to many membranes through a hydrophobic, electrostatic, or ionic interaction. 
This binding is indiscriminate and reversible. Schneider and his co-workers20 
reported that the sensitivity and reproducibility of a solid support for specific 
antigen is limited by the ability of the antibodies to remain bound to the matrix 
under the assay conditions.  
The findings of this study in agreement with previous observations53,238 
have shown that, the optimized nylon based assays, although strongly bind the 
coated proteins covalently and prevent elution of proteins, they require 
extensive washing steps during assay performance, to minimize the non-
specific binding, which is a discouraging drawback in the field of rapid tests 
development and that is why nylon membranes were excluded during the early 
developmental stages in this study.  
Concerning the type of membrane polymer, although nylon was perhaps 
the first polymer membrane employed in a commercial immunoassay delivery 
system, nitrocellulose has proven to be more versatile and is currently the 
membrane of choice. While the protein-binding capacity of nitrocellulose is 
lower than that of nylon, it is sufficient to support sensitive immunoassays. This 
allows nitrocellulose-based assays to avoid the high level of nonspecific 
interactions that can contribute to background in nylon-based assays239. 
Nitrocellulose is manufactured in a wide range of porosities, from 0.05 to 
12 µm, providing in turn a wide range of binding capacities. The smaller the 
pore size, the higher the surface area and consequently, the higher the protein 
binding capacity239. Therefore, as high binding capacity is a requirement for this 
design, nitrocellulose with the relatively small and most commonly used pore 
size for dipsticks (0.45 µm) was selected for this study. 
As the development of clear backgrounds is vital for the development of 
sensitive assays, among the different membrane types tested in this study, 
nitrocellulose exhibited the most intense specific signal with the minimal 
background interference and was selected to be the membrane of choice for this 
study. Among the different nitrocellulose membranes tested Whatman bio-
membranes provided the most intense specific signal and exceptionally clean 
backgrounds.  
In all the previous studies the best membrane is selected on the basis of 
protein binding capacity. This holds true for all the previous studies simply 
because an only one protein needs to be adsorbed. However, in this study two 
proteins (IgG and GOase) instead of one need to be co-adsorbed and the total 
protein bound may not be a suitable criterion for the selection of the best 
membrane for this study, this is because the membrane may preferentially bind 
one protein more than the other.  
In 1998 Jones and Hopkins240 conducted a comparative study on the co-
adsorption of IgG and albumen on a range of nitrocellulose membranes from 
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different manufacturers and observed that the membranes with the best 
immunoglobulin binding do not always give the best albumin binding. The 
same logic may apply to this study and the best nitrocellulose membrane to be 
selected for this study is not the one which enjoys the highest protein binding 
capacity, but would be the one which adsorb a reasonable concentration of both 
proteins and constitute the best compromise for their co-adsorption. The best 
membrane for binding both proteins in this study was found to be Whatman 
nitrocellulose membrane.  
  
4.2.1. Strengthening the hydrophobic binding: 
 Proteins are coated to solid phase surfaces either by physical adsorption 
and hydrophobic interactions or by chemical linkage and formation of strong 
covalent bonds. Pre-activated nylon membranes although bind proteins 
covalently and prevent elusion of the coated proteins, they require extensive 
washing during assay performance to reduce the background signals. Nylon 
membranes were excluded in this study as washing will prolong the total 
analysis time which is considered a serious drawback in rapid tests. 
 Nitrocellulose membranes bind proteins by physical adsorption and enjoy 
the merits of providing clean backgrounds and eliminate the need for washing 
during assay performance. Nitrocellulose membranes also enjoy high loading 
capacity of the coated proteins. Because of the above mentioned advantages, 
nitrocellulose membranes were selected as carrier matrices for immunoreagents 
in this study. Because of its many advantages, many authors have tried to 
strengthen hydrophobic interactions between the nitrocellulose membranes and 
the coated proteins by different means. The different methods for strengthening 
the hydrophobic binding developed by different investigators were adopted and 
tested in this design. 
 
4.2.1.a. Strengthening the hydrophobic binding by alcohol: 
The detectability of EIA in general can be increased considerably by 
partial denaturation of the coated material. Solid-phase adsorption was reported 
by many investigators to considerably improve by exposure of the antibody to 
partial denaturants such as strong acidic pH104 or to other denaturants (urea, 
alcohol, high temperature) prior to coating241. An increase in the hydrophobicity 
of the proteins was proposed to be involved in this phenomenon. 
In this study addition of alcohol to the coating buffer was found to 
prolong the shelf life, through stabilizing the hydrophobic binding and 
minimizing desorption. The partial denaturants (the most commonly used is 
alcohol) are usually added to the coating buffer in order to reduce the stability 
of the protein molecules in solution and increase the hydrophobicity of the 
coated proteins. The action of such agents also relies on the differing stability 
that the fc and f(ab) regions of the IgG molecule have towards the agents 
used92. The structure of the fc region is far more likely to be degraded by the 
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action of denaturating agents. Partial denaturation of the fc region leads to the 
exposure of more-hydrophobic groups that are normally hidden within the 
protein structure. Therefore, the increase in protein hydrophobicity resulting 
from the use of such denaturating agents will improve protein binding. The 
action of alcohol also increases the hydrophobicity of the other co-immobilized 
protein (GOase) used in this study. 
Increased susceptibility of the fc region of the IgG molecule to be 
degraded by alcohol and exposure of its hidden hydrophobic groups favours 
IgG immobilization through its fc region and therefore, beside strengthening of 
hydrophobic binding, would considerably contribute to the correct upright 
orientation of the IgG molecules and exposure of their binding sites. 
  
4.2.1.b. Strengthening the hydrophobic binding by heat: 
  Thermal denaturation is normally carried out at relatively high 
temperatures, 70º C for sheep antibodies or 82º C for rabbit antibodies prior to 
coating241. However, some authors strengthened the binding of proteins to 
nitrocellulose after coating, by baking the filters at 80° C for 30 minutes242.  
 Baking in this study resulted in a completely inactive surface. This 
inactivation process may be due to the fact that in the present design two 
proteins, instead of one were simultaneously co-immobilized on the surface of 
the nitrocellulose membrane. While, Ramadass and his co-workers242 were 
immobilizing an only one protein (the relatively heat stable antibody), both 
antibodies and the heat labile GOase enzyme were co-immobilized in this 
study. The effect of high temperature on the denaturation and inactivation of the 
heat labile enzyme rather than the antibody was the reason behind this 
inactivation process. GOase enzyme is known to be unstable above 40° C143. 
Therefore, strengthening of hydrophobic binding by baking or thermal partial 
denaturation became impossible under the experimental conditions and reagents 
used in this study. 
 Partial denaturation by alcohol is the only viable method to be adopted in 
this study in order to strengthen hydrophobic binding. Partial denaturation by 
alcohol is simple to perform, correctly orient the immobilized antibodies, 
prevents desorption of the coated proteins, milder than all of the other partial 
denaturation processes and is suitable for both of the coated proteins (IgGs and 
GOase) adopted in this study. 
 
4.3. Oriented immobilization of antibodies on solid phase surfaces:  
The findings of the present study have shown that the direct coating of 
antibodies on the solid phase surfaces results in a weak colour development 
after a prolonged incubation time compared to pre-coating with protein A or 
secondary antibodies. The weak colour development is mainly due to the 
random orientation of antibodies when they are directly coated. It was 
previously reported that when antibodies are directly covalently attached243 or 
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passively adsorbed159 to solid supports, then their specific binding capacity is 
usually less than that of soluble antibodies. One of the main reasons for this 
reduction is attributed to the random orientation of antibodies on the solid 
support surfaces. 
In normal coupling schemes, coupling does not discriminate between 
possible attachment points near to, or remote from the specific binding site 
(sites), which results in spatial orientation of antibodies on the supports that 
might prohibit formation of an antigen antibody complex. When 
immobilization occurs through the antigen binding sites on the Fab/ portions, 
the ability of that antibody to bind antigen may be severely impaired or entirely 
eliminated243. 
 
4.3.1. Oriented immobilization using the non-immunologic Fc receptors: 
To eliminate the drawbacks of the direct coating, and to achieve an 
upright orientation of antibodies, nitrocellulose membranes in this study were 
pre-coated with protein A, followed by the primary anti-T4 antibodies. A great 
improvement in the speed of colour development and colour intensity were 
observed. It is quite common among dipstick immunoassay developers to pre-
coat the membrane surface with non-immunologic Fc receptors such as protein 
A25,33,212,244. These immobilized Fc receptors bind to the Fc portion of many IgG 
subclasses, orienting the antibody and leaving the antigen-specific sites free. 
However, there is a single binding site for these proteins on the primary IgG. 
 
4.3.2. Oriented immobilization using immunologic Fc receptors: 
The second antibody technique, when adopted in this study was found to 
result in rapid production of intense colours with improved sensitivity and 
homogeneity of test strips when compared to protein A.  
It is common among dipstick immunoassay developers to immobilize a 
first layer of capture antibodies (Cabs) using an adsorbed anti-globulin antibody 
on the surface of the membrane25,66,245-247. Since anti-globulin antibodies are 
mostly directed to Fc fragments94, they also provide a second antibody 
technique for oriented immobilization.  
In agreement with our findings, many authors have tested and compared 
both methods of oriented immobilization33,248 and concluded that, 
immobilization via secondary anti-IgG antibodies produce more sensitive 
assays and preferred over non-immunologic pre-coating. The improved 
sensitivity of anti-IgG antibodies observed in this study and by the previous 
investigators is simply because antibodies have two binding sites for the 
primary IgG, whereas, protein A have a single binding site. This will lead to 
orientation plus amplification of the signal when anti-globulin antibodies are 
used compared to only orientation when protein A is used for immobilization. 
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4.3.3. Upright orientation of the first layer of adsorbed antibodies:  
Just like the directly coated primary antibodies, anti-globulins themselves 
are not safe from random orientation and inactivation when they are directly 
adsorbed on the surface of the nitrocellulose membranes. To overcome this 
problem in this study and to increase the number of properly upright oriented 
secondary antibodies over those randomly oriented in the first layer, partial 
denaturation of antibodies by alcohol was adopted. Alcohol (3%) when added 
to the coating buffer in this study was found to dramatically increase the colour 
intensity, speed of colour production and the stability of the colour produced.  
The action of partial denaturation agents (alcohols, acids and heat) relies 
on the differing stabilities of the fc and f(ab) regions of the IgG molecule94. 
Since f(ab) is much more resistant to denaturation than fc it is conceivable that 
these treatments expose more hydrophobic areas in the fc region, which may 
then be preferentially adsorbed. The f(ab) segments may thus be more oriented 
towards the solvent, thus increasing the number of the correctly oriented 
secondary antibodies in the first layer. The oriented secondary antibodies in 
turn will improve the upright orientation in the following layer of the primary 
antibodies by capturing the Fc region of the primary antibodies. 
 Another process that also improves the upright orientation of the 
adsorbed antibodies is their co-adsorption with the blocking agent (protein) 
which is known to help spacing out of the antigen or antibody molecules to 
ensure optimum coverage and to preserve their upright orientation143. 
 
4.4. Selection of buffers for the different applications: 
 Coating solutions, blocking solutions, wash solutions as well as assay 
media should always be buffered. This is critical to achieve performance 
consistency from batch to batch (lot to lot) of prepared test strips. At a 
minimum, the pH of each solution should always be the same even if it is not 
the optimal pH144. Phosphate, carbonate, acetate, and their buffered salines were 
prepared and tested in this study as coating, blocking, washing, assay, and 
substrate buffers. TRIS buffer was excluded right from the beginning, as it 
contains a high concentration of primary amines, therefore, there is a tendency 
for salt bridging to occur between acidic residues (glutamic acid and aspartic 
acid) of the coated proteins and the -NH3+ group of the buffer. This may have a 
deleterious effect on the capture reagent’s ability to bind the analyte144. In 
addition TRIS buffer was excluded for practical considerations, as it needs to be 
prepared fresh every day which is not suitable for rapid tests. 
Advance knowledge of the optimum requirements of the different 
components of the assay (enzymes, antibodies, enzyme conjugates, 
chromogens, etc.) in terms of pH, ionic strength, additives, etc., from literature 
resources is important for the preliminary selection of the suitable buffer for a 
particular application. Availability of such knowledge helps cut down the 
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unnecessary experimental work for the selection of the best buffer for a 
particular application. 
  
4.4.1. Selection of coating buffers for nitrocellulose membranes: 
The findings of the present study have shown that, phosphate buffered 
saline is the suitable buffer to coat both proteins (GOase and antibodies) to be 
immobilized in this study to the surface of nitrocellulose membranes.  
For nitrocellulose membranes the protein can be bound in many different 
buffers and under many different conditions112. Many membrane-based dipstick 
enzyme immunoassay developers have selected and successfully used the 
carbonate buffer (50 mmol/L, pH 9.6) for non-covalent adsorption of proteins 
on nitrocellulose membranes36,53,242. Others have selected and successfully used 
phosphate buffered saline 10 mmol/L, pH 7.2 containing (0.1 mol/L NaCl) for 
non-covalent adsorption of proteins to nitrocellulose membranes. Some authors 
have directly applied the undiluted antibody to the surface of the nitrocellulose 
membrane41,51. 
 Coating buffers used for adsorbing antibodies or antigens to the solid 
phase should have a pH at least 1-2 units higher than the pI of the protein143. 
Therefore, advance knowledge from literature resources of the pI of the protein 
to be adsorbed would help in the selection of suitable pH and minimize the 
amount of experimental work required for selection. 
 Selection of the suitable coating buffer in this study was further 
complicated by the fact that two proteins (GOase enzyme and the antibody) 
instead of one are to be co-immobilized on the surface of the nitrocellulose 
membrane. The requirements of both proteins in terms of pH, ionic strength 
etc., have to be optimized. Therefore, a compromise between the optimum 
conditions required for both proteins in order to bind was taken into 
consideration right from the beginning. 
 
4.4.1.a. Effect of ionic strength on the immobilization process: 
 It is generally accepted in enzyme immunoassays that buffers of low 
ionic strength are preferred as coating buffers143. In agreement with this trend in 
enzyme immunoassays the two co-immobilized proteins in this membrane-
based ECIA were also found to favour low ionic strength coating and blocking 
buffers (10 mM PBS). 
As the solubility of the two co-immobilized proteins (GOase and 
antibody) in this study is different, it seems that buffered saline solutions were 
needed to ensure solubility of both proteins.  Both proteins must remain soluble 
in the coating solution but with minimal stability that they tend to partition 
easily onto the solid phase surface. This may be the reason why phosphate 
buffered saline containing 0.9% NaCl was found to perform much better in this 
study than phosphate buffer as such. 
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 The use of buffered saline solutions (e.g., PBS, BBS, TBS) as coated 
proteins diluents is generally not recommended, as sodium chloride promote the 
solubility of most proteins and reduce their tendency to partition onto the solid 
surface. It also reduces the hydrophobic attraction of the nitrocellulose 
membrane. The resultant of both of these two co-augmenting effects is a 
general reduction in binding between the coated proteins and the nitrocellulose 
membrane144.  
However, the coating of both GOase and the donkey anti-sheep serum 
(DASS) in this study was found to favour a phosphate buffered saline 
containing 150 mM NaCl. Therefore, 150 mM sodium chloride is the optimal 
salt content of the coating buffer required to maintain both of the coated 
proteins soluble in the coating solution.  
 When any two proteins of different solubilities and different binding 
affinities are to be solubilized together in one coating buffer in order to be co-
immobilized together on the same solid surface, they may require different 
optimal coating buffers, constituents of coating buffers and coating conditions 
than what is required for each individual protein to be coated separately. 
Phosphate buffered saline (10 mM) containing 150 mM NaCl and 3% alcohol 
was found to be optimal for simultaneous coating of both of these proteins. 
 
4.4.1.b. Effect of pH on the adsorption of proteins to solid supports:  
 In this study two different proteins (an antibody and an enzyme) were 
simultaneously immobilized during the coating process of the nitrocellulose 
membrane. The optimum pH required for the co-immobilization of both 
proteins was found to be 7.2. Actually one of the most important parameters to 
be considered during selection of the coating buffer is the pI of the coated 
protein (the pH at which the protein has no net charge is known as the 
isoelectric point “pI”). This is simply because the solubility of a protein is at a 
minimum when the protein has no net charge and it tends to partition onto the 
solid phase surface. Generally it can be helpful to bring the solution pH to 
within + 2 units of the pI of the protein (antibody or enzyme). 
 Most antibodies have isoelectric points in the pH range of 5.5 to 7.5, so 
that using a buffer at pH 7.0 – 7.5 is probably very close to optimal in coating 
antibodies144. The other co-immobilized protein in this study (Glucose oxidase) 
has a pI of 4.2-4.494, making pH 6.4 which is 2 units higher to be the optimal. 
However, for GOase to be coated simultaneously with the antibody phosphate 
buffer pH 7.2 was used and found to work satisfactorily for the purpose of 
coating both proteins to nitrocellulose membranes in this study. 
 The other factor controlling selection of the coating buffer is that GOase is 
unstable at pH values above 894 and consequently membranes coated with both 
proteins using carbonate buffer (pH 9.5) failed to produce any colour at all 
when tested in this study. Therefore, carbonate buffer, was not found to be a 
suitable coating buffer for the combined co-immobilization of both proteins. 
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Near neutral pH (7.2) maintained by phosphate buffered saline (0.01 M) was 
found experimentally to be the best compromise for both proteins to partition 
onto the solid phase membrane. 
  
4.4.1.c. Effect of alcohol content on the adsorption of proteins: 
 Addition of alcohol to the coating buffer was found to be beneficial in 
this study for the co-adsorption of both coated proteins (the antibody and 
GOase enzyme). Alcohol (3%methanol) was found to be optimal for the coating 
process. The use of alcohol to improve protein binding to a solid phase has been 
known for several years in the production of ELISA plates, and is now regarded 
as a standard protocol94,249. The influence of aliphatic alcohols on binding in 
nitrocellulose membranes was first reported by Schneider in 1980, while a 1% 
isopropanol solution is widely used as a fixing solution in protein blotting 
experiments112.  
 The findings of this study have also shown that addition of alcohol does 
not only improve the adsorptive performance of nitrocellulose membrane but 
also enhance drying and protein fixation as previously reported94,144. 
 
4.4.1.d. Effect of incubation time and temperature on adsorption of 
             proteins: 
Coating of proteins to nitrocellulose membranes can be carried out for 
two hours at room temperature or overnight in the refrigerator44,112. However, in 
this work, the coating of the two co-immobilized proteins (antibody and GOase) 
was found to favour overnight incubation in the cold, as it gave the best 
homogenous and reproducible coating results. 
Because passive adsorption of the capture reagent is a diffusion-
controlled process, sufficient time must be allowed to saturate the surface of the 
solid-phase supports112. Prolonged incubation time is particularly important for 
this study where two proteins are to be co-immobilized instead of one. Short 
incubation times in this study were observed to result in faint colours and 
unequal coating during testing. In agreement with our findings, short incubation 
times were reported to result in unequal coating or easy detachment of the 
capture reagent during washing112. Therefore, it is desirable to coat for at least 
16 – 24 hr at 4° C, in a humid chamber, to obtain the best precision94. 
 
4.4.2. Effect of incubation time and temperature on the immobilization of 
          the second layer specific antibody: 
 Solid experimental evidence obtained in this study have shown that, 
extended immunological immobilization in the cold resulted in a considerable 
improvement in reproducibility of immobilization as well as overall 
improvement in sensitivity and precision of the finished product compared to 
relatively short incubations (2 hrs) at room temperature. 
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The immobilization of the first layer of anti-globulin antibodies is 
physical adsorption due to hydrophobic interaction between the hydrophobic 
membrane and the antiglobulin antibodies (DASS or GAMS). On the other 
hand the immobilization of the second layer of specific anti-analyte antibodies 
is an immunological process, wherein, the second layer of primary antibodies 
(anti-T4 antibodies in this study) acts as an antigen for the first layer of 
antiglobulins. Prolonged incubation of the second layer (anti-T4 antibody) in 
this study resulted in an improved colour production and clear discrimination of 
colours between closely related concentrations. This agrees with the well 
known fact in immunoassays that, sensitivity and precision of immunological 
reactions are reported to significantly improve with prolonged incubation 
time112.    
Being captured immunologically from the Fc region, the second layer of 
primary antibodies will be properly oriented to capture the analyte of interest. 
This was also observed in this study to result in fast development of intense 
colours and improved reproducibility.  
 For immunological reactions, increasing assay temperature generally 
increases the rate of reaction between the antigen and the antibody. The affinity 
constant Ka of this reversible reaction, however, decreases with increased 
temperature. Therefore, the overall avidity of the antibody, and hence, the 
potential sensitivity of the assay often increase at lower temperatures. Similarly, 
reproducibility and precision of the assay are also improved by extended 
incubation in the cold143. In agreement with what is mentioned above, the 
findings of this study have shown that, prolonged incubation of the second layer 
specific anti-analyte antibody at low temperatures improves both precision and 
reproducibility of the assay during testing.  
 
4.4.3. Effect of drying on the stability of the coated proteins: 
It is widely recognized that adequate drying of the membrane after 
immobilization of proteins is an important practice for ensuring long-term 
stability of the protein-membrane bond112,144. 
Among the different methods of drying tested in this study, drying under 
reduced pressure for two hours was found to give the best results. The safest 
and most reproducible conditions (in terms of protein stability) are obtained by 
placing the membrane under vacuum during the drying process. This technique 
has been used for the commercial manufacture of diagnostic assays250,251. 
Drying under elevated temperatures (baking at 80º C) as practiced by 
other authors242 is not suitable for strengthening hydrophobic interactions in this 
design as there is a complete failure of colour development during testing, at 
any temperature above 40°C. Failure of colour development after baking in this 
study is most probably due to the high temperature effects on the co-
immobilized heat labile GOase enzyme. 
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Air-drying is known to stabilize hydrophobic interactions between the 
surface of the membrane and the immobilized protein135,144,252. However, the 
results of air-drying obtained in this study although satisfactory, they are not as 
good as drying under vacuum.  
 
4.5. Blocking of the membrane surfaces in ECIAs: 
 Because the adsorptive surface area of membranes is 100-1000 times 
greater than plastic25, nonspecific binding of the enzyme tracer is a more serious 
problem in dipstick immunoassay than polystyrene plate assay. Therefore, it is 
essential to block the remaining free binding sites of the membrane after 
immobilization of the proteins.  
 In this design, a considerable number of different types of blocking 
agents (proteins, surfactants and man-made polymers) were tested with the 
membrane surface and the developer solution as well. The findings of this study 
have shown that protein blockers when added to the developer solution, they 
perform adequately nice without any problems, however, nonionic detergents 
such as Triton X-100, and Tween 20 when tested as blocking agents in this 
study were found to develop very faint colours.    
 Nonionic detergents in the developer solution were previously reported to 
minimize nonspecific protein-protein and protein matrix adsorption by 
disturbing the underlying non-covalent/hydrophobic interactions118, while 
leaving antigen-antibody interactions, relatively unaffected119. However, these 
detergents can also influence previously bound proteins whose retention is 
maintained by these interactions causing desorption of bound proteins120. This 
desorption may be the reason why developer solutions containing these 
detergents tested in this study were found to develop only faint colours. This 
was found to be the case even when ionic detergents like Triton QS 44 were 
tested. Blocking by polyvinyl pyrrolidone (PVP) in this study was found to be 
better than blocking with surfactants but less effective than protein blockers.   
 Blocking appears to be an essential step for solid phase supports with 
high surface area (like microporous membranes). However, not all blocking 
agents work equally well and the size of the protein used to block, may 
influence this step. Large molecular weight proteins bind with greater affinity to 
nitrocellulose due to increased hydrophobic interactions compared to small 
molecular weight ones149-151,253. 
 There is a lot of controversy in the literature about the most efficient 
blocking agent for solid phase surfaces, for example, Deshpande (1996) 
mentioned that proteins are the most effective blocking agents, because they 
need to be used only once and their effects seem to be permanent143, whereas, 
Jones in a recent report mentioned that, proteins are usually not the most 
efficient materials; although they can help to reduce the levels of non-specific 
background signals253.  
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 This controversy could only be explained by the fact that efficiency of a 
blocking agent is not only a function of the blocking material alone, but also of 
the surface being blocked and its hydrophobicity as well as the type of the 
coated protein and the type of binding (hydorophobic, electrostatic or covalent) 
between these proteins and the solid phase surface as shown by the findings of 
this study and discussed below.  
  
4.5.1. Suitable blocker type is a function of both the membrane material 
           and the antibody coated: 
Experimental evidence drawn from the findings of this study has shown 
that the best blocking agent for the surface of Whatman nitrocellulose 
membrane to be used with anti-thyroxine antibody was found to be 0.3% BSA, 
whereas, the suitable blocking agent for the surface of the same membrane to be 
used with anti-progesterone antibody in a concurrent experiment was found to 
be 1% gelatin. Locally produced and available anti-progesterone antibody was 
concurrently tested with anti-thyroxine antibody in this study in order to show 
the suitability of the membrane-based ECIA design for the different haptens. 
 Therefore, the type of blocking agent used with a particular membrane 
material is not a function of the type of the membrane surface being blocked 
alone but also a function of the antibody coated as well. 
 Literature reports in support of the above mentioned generalization is the 
observation by Haycock in (1991) that, the relative decrease in background 
produced by polyvinyl pyrrolidone (PVP) as a blocking agent was observed to 
differ among the different anti-thyroxine hydroxylase antibodies, being most 
apparent with the rabbit anti-thyroxine hydroxylase peptide antibodies138, less 
among sheep anti-thyroxine hydroxylase antibodies136 and least apparent with 
mouse antibodies135,138. The efficiency of the blocking agent is not in fact 
related to the animal species in which the coated antibody is raised, but rather to 
the type of the antibody produced as both of the locally produced antibodies 
tested in this study were raised in sheep200,201. 
   
4.5.2. Blocking agents between the solid surface and the bulk solution: 
 In agreement with previous studies on membrane-based assays247,251, 
BSA was found to be the best blocking agent for the solid phase surface and 
was selected to be the blocker of choice for this study.  However, after selection 
of BSA as the best blocking agent to block the free binding sites on the surface 
of the nitrocellulose membrane in this study, it was surprising that this 
particular blocking agent can not act as the best blocker for non-specific 
binding in the bulk solution (assay buffer or developer solution). Another inert 
protein (gelatin) was found to act even better as it enhances colour development 
for stronger signal generation and provides a clearer background required for a 
sensitive assay. Gelatin was selected as the best blocking agent for the bulk 
solution instead BSA.  
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 The reason behind this behaviour is not clear, although it may be related 
to ECIAs when two proteins are to be simultaneously co-immobilized on the 
large surface area of a microporous membrane. However, this is the first study 
of its kind (ECIA) on surfaces of microporous membranes and further 
investigations are required to clarify this situation. 
 
4.5.3. Blocking agents facilitate adsorption of the hard-to-adsorb proteins: 
 Results of this study unexpectedly have shown that the performance of 
polyclonal antibodies is much better than that of monoclonal antibodies when 
they are directly adsorbed.  Monoclonal antibodies, when they are directly 
adsorbed in this study they almost failed to show any degree of colour 
development. This failure is attributed to the failure of monoclonal antibodies to 
bind to the solid phase surface during coating. Monoclonal antibodies are 
known to be hard- to-adsorb proteins143 and in such instances, co-
immobilization with a blocking agent was reported to promote their attachment 
to the solid surface143,144. 
 One of the disadvantages of proteins as blocking agents is that they are 
known to displace the previously coated specific reagents135. This problem was 
avoided in this study by performing blocking simultaneously with coating143. 
Simultaneous blocking with coating could be applied to both traditional solid 
phase supports as well as membranes. Simultaneous blocking with coating lead 
to many other advantages which include spacing out of the specific reagents, 
upright orientation of the coated antibodies as well as minimizing the number of 
steps by performing blocking simultaneously with coating143.  
Experimental evidence drawn from this study has shown that not only 
high affinity monoclonal antibodies are hard to adsorb but also affinity purified 
polyclonal antibodies were also found to be hard to adsorb. The adsorption of 
the affinity purified polyclonal antibodies in this study was only facilitated by 
co-adsorption with the blocking agents. 
 
4.6. Suitable wash buffers for the coated membranes in ECIAs: 
As washing is critical in the development and performance of microtitre 
plate enzyme immunoassays it also proved to be of critical importance during 
the development and performance of the membrane-based dipstick enzyme 
immunoassays. Washing is important in terms of suitability of wash buffer and 
in terms of adequacy of the washing process. 
Phosphate buffered saline is the rinsing agent used in many membrane 
based diagnostic assays42,45. However PBS as a wash buffer was found to be 
unsuitable for washing nitrocellulose membranes in this ECIA design. A PBS 
washed membrane in this study was found to be unstable and although it 
performs adequately nice at the beginning it deteriorates very quickly 
afterwards resulting in a very short shelf-life of the membrane. This non-
stability and quick deterioration is due to drying of high salt concentrations 
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from PBS wash buffer residues on the surface of the membrane. Drying of salts 
on the surface of the membrane is reported to destabilize the coated proteins144. 
However, Gierch, in 1993 found that PBS alone without detergents is a 
suitable wash buffer for nitrocellulose membranes and successfully used this 
buffer during both membrane preparation and assay performance53. It worth 
mentioning here that, in all of the previous reports only antibodies were 
immobilized on the surface of the membrane, whereas, in this study both 
antibodies and glucose oxidase were co-immobilized. Antibodies are known to 
be relatively stable, but drying of high salt concentrations with the glucose 
oxidase enzyme after washing with PBS in this study may be the underlying 
cause for deterioration of enzymatic activity rather than the loss of 
immunologic activity of the co-immobilized antibodies.  
Sodium carbonate buffer is usually a good choice for this application, 
with the added benefit that when it is evaporated, the carbonic acid portion will 
decompose into water and carbon dioxide, leaving less of a residue144. 
However, carbonate buffer is excluded as a wash buffer in this study as it 
poisons the co-immobilized enzyme (GOase). 
Non-ionic detergents are usually added to the wash buffers in 
immunoassays to facilitate the washing process. However, no colour 
development was observed when non-ionic detergents were added to the wash 
buffer in this design, most probably due to desorption of one or both of the 
coated proteins from the surface of the nitrocellulose membrane. 
However, Collin et al in 1998 used a detergent containing wash buffer 
(PBST) to wash nitrocellulose during membrane preparation but no wash steps 
were involved during assay performance36. Sriveny et al. (2006) have 
successfully used a detergent containing buffer (PBST) for washing their 
nitrocellulose membranes during both assay development and assay 
performance252. Ramadass and his co-workers in 1993 have also successfully 
used PBST with nitrocellulose membranes during both assay development and 
assay performance with no fear of protein desorption, may be because they have 
strengthened hydrophobic binding by baking at 80º C242. 
Washing with distilled water was not found to be beneficial in this 
design, most probably due to pH change and loss of the buffering agent during 
the wash process. However, Ploum et al (1991) have developed a competitive 
enzyme immunoassay on reinforced nitrocellulose membranes and used 
distilled water for washing during assay performance; no washing steps were 
mentioned during assay development51. Coleman and his co-workers (2000) 
have developed a nitrocellulose-based dipstick modified from an existing 
microtitre plate ELISA and they argued that because their test is intended for 
field use, distilled water or PBS might not always be available in the field and 
they examined the effect of different water sources on the efficacy of the assay. 
They found that the assay performed equally well whether PBS, distilled water 
or tap water was used as a rinsing agent42. Armstrong et al (2001) have also 
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successfully used distilled water to wash their nitrocellulose membranes during 
the assay performance254. Failure to use distilled water as a washing/rinsing 
agent during the developmental stages or assay performance in this design is 
most probably due to the presence of the co-immobilized pH-sensitive GOase 
enzyme.  
 
4.6.1. Ionic strength of the wash buffer and the stability of the coated  
          proteins: 
 It is well known that, as the molarity of the wash buffer increases, the 
amount of the solid residue that is left on the surface of the membrane after 
evaporation will also increase. For this reason, the ionic strength of the wash 
buffer should be reduced as much as possible and a weak buffer solution, e.g., 5 
mM Na2HPO4, pH 7.2 is adequate144. However, experimental evidence drawn 
from this study has shown that, washing of the two co-immobilized proteins in 
this ECIA design favours high molar concentrations and the intensity of colour 
increases as the molarity of the wash buffer increases. The improvement in 
colour intensity when high salt concentration is precipitated on the surface of 
the membrane may be due to the fact that high salt concentrations reduce the 
background signals and improve assay performance255. 
However, the high salt residue after drying was found to have a 
deleterious effect on the stability of the coated proteins and the positive effect 
of high salt residue brought about by the improvement in colour intensity is 
counteracted by the negative effect due to instability of the coated proteins in 
presence of high dried salt concentrations. 
Fortunately, when a low concentration of alcohol (3%) was added to the 
wash buffer, the low molarity wash buffers were found to perform much better 
than the high molarity ones. This observation enabled using low molarity wash 
solutions with the added merits of alcohol as it accelerates drying, improves 
wetting and confer stability on the coated proteins112,144. Therefore, the problem 
of the better performance of high molarity wash solutions with the 
accompanying instability problems was resolved by inclusion of alcohol. 
Alcohol inclusion reversed the situation by rendering low molarity solutions to 
perform better than high molarity ones and conferred added stability on the 
coated proteins.  
 
4.7. Selection of suitable assay buffer for the membrane based ECIA: 
Phosphate and acetate buffers as well as their buffered isotonic salines 
were tested in this study. Carbonate buffer was excluded right from the 
beginning because of its alkaline pH which was found to be unsuitable for the 
coated GOase enzyme. Phosphate buffered saline was found to be suitable for 
this membrane-based ECIA and its ionic strength, pH and blocking agent 
content were optimized and selected as shown below. 
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4.7.1. Selection of the suitable ionic strength of the assay buffer: 
Enzyme immunoassays were reported to favour low ionic strength assay 
buffers143. In agreement with the previous studies the optimum ionic strength 
for the assay buffer was found to be 0.01 M. The low ionic strength was found 
to be particularly important when phosphate buffer is selected as a diluent for 
the enzyme tracer.  Previous studies have shown that HRP enzyme is rapidly 
and irreversibly inactivated in the presence of 0.1 M phosphate buffer. The 
inactivation can be minimized by using phosphate or citrate buffers at 
concentrations of less than 0.02 M256. 
Increasing ionic strength by addition of physiological saline to the buffer 
solution gives it a higher salt concentration, thus effectively reducing non-
specific background signals during testing255. Physiological saline (0.9% NaCl) 
in this design was found to enhance the colour development and intensify the 
colour produced.  
One of the interesting findings of this study is that, removing the 
developed test strips from the developer solutions and transferring them into 
similar buffers containing physiological saline was found to maintain colours of 
test strips practically unchanged for long periods of storage time, whereas the 
test strips transferred and kept in buffers without physiological saline or with 
different concentrations of NaCl (other than physiological) were found to lose 
colours gradually and relatively quickly. 
 
4.7.2. Selection of the suitable pH of the assay buffer: 
 pH of the assay buffer is important for the enzymes and antibodies to 
function optimally in this ECIA. GOase enzyme had an optimum activity at pH 
5.5, but the enzyme is unstable at pH values above 894. Failure of colour 
production by the enzyme tracer using carbonate buffer in this study is due to 
the alkaline pH (9.5) which inactivates the glucose oxidase enzyme. 
Concerning the antibodies it is difficult to predict in advance the optimum 
conditions for antigen-antibody interactions, since the processes holding these 
complexes together are quite heterogeneous. Particularly ionic antibody-ligand 
interactions which vary considerably with pH and are severely disrupted 
outside the pH 6-8 range 257.  
 The slightly acidic pH of the acetate buffer (5.5) is the optimum 
requirement for both enzymes to function maximally, but the faint colour 
produced with this buffer in this study is most probably due to the reduced 
capability of antibodies to bind the analyte and the enzyme tracer under acidic 
pH as the antigen antibody interactions are reported to be severely disrupted 
outside the pH 6-8 range257. 
 
4.8. Selection of the developer buffer for HRP/GOase in ECIA:  
In all of the previously developed EIA dip-sticks, except for one62 there is 
an only one enzyme (HRP-analyte conjugate) and consequently the suitable 
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developer buffer is either acetate (pH 5.5) or citrate (pH 3.95), where acidic pH 
is the optimal requirement for HRP enzyme to function maximally. In this 
ECIA design, however, both enzymes in the HRP/GOase enzyme pair are 
needed to function optimally and a compromise between their pH requirements 
is needed to establish the suitable pH for adequate functioning of both enzymes. 
Near neutral pH (phosphate buffer pH 7.2) was found to be suitable for both 
enzymes to perform adequate. 
   Colour production in ECIAs does not only depend on the optimal pH 
requirements of the enzyme pair but also depends on the pH requirement of the 
chromogenic substrate used. Fortunately most of the insoluble HRP 
chromogenic substrates have little pH dependence of the oxidation reactions 
and the oxidized donor is highly insoluble94. This little pH dependence 
provided flexibility in pH selection and consequently the type of buffer. This 
holds true for both of the insoluble chromogenic substrates tested in this study, 
except for TMB which is originally water soluble but due to its high sensitivity 
different methods were adopted to render it water insoluble so as to be used in 
dipsticks and immunohistochemistry33,258. However, the oxidation of TMB is 
highly pH dependent and is most effective at pH 5.0259. This pH value is not 
suitable for antigen-antibody interactions and for peroxidase enzyme to work 
optimally (both require neutral pH) but may be suitable for GOase (optimum 
pH 5.5). Therefore, near neutral pH was found to be suitable, under which 
conditions TMB chromogen was found to produce a red colour. 
 
4.9. Selection of a suitable chromogenic substrate for this ECIA design: 
A highly sensitive chromogen is needed in rapid tests, as it will result in 
high colour intensity with low concentration of immunoreactants, a situation 
which makes the assay fairly sensitive and attractively cost-effective. 
 It is a common practice in membrane-based enzyme immunoassays to 
determine the detection limits of the different chromogens by serially diluting 
the enzyme tracer till the colour totally disappears53. However, this practice 
does not work adequate in this enzyme channeling immunoassay, simply 
because the H2O2-generating enzyme (GOase) is immobilized on the surface of 
the solid phase membrane and as the enzyme tracer is diluted, the fraction of the 
enzyme tracer captured by the antibody on the surface can not cope with the 
amount of H2O2 generated. Excess H2O2 escapes into the solution where it 
reacts with the peroxidase enzyme and the donor chromogen producing colour 
in the bulk solution, this normally occurs well before colour disappearance due 
to enzyme tracer dilution. 
This colour formation in the bulk due to the tracer dilution is adopted by 
this study as an early sign for enzyme tracer insufficiency for a particular 
substrate in enzyme channeling immunoassays and considered as being a more 
realistic cut-off for the determination of the detection limits of different 
chromogenic substrates in enzyme channeling immunoassays. 
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 In agreement with Giersch’s53 findings, the TMB chromogenic substrate 
was found to be the most sensitive among the different chromogenic substrates 
tested in this design. Therefore, TMB chromogenic substrate was selected as the 
chromogen of choice for this study and used not only to improve sensitivity, but 
also to shorten the substrate incubation time as a requirement for rapid tests. 
However, further investigations in this study have shown that TMB chromogen 
in combination with the nitrocellulose membrane (membrane of choice for this 
study) is not a suitable combination for field tests as it has a high tendency for 
false positives. CNP chromogen was selected as the chromogen of choice for 
this study and used instead of TMB in field applications although it is far less 
sensitive.       
 
4.10. Colour problems in membrane-based ECIA designs: 
 There are two major unavoidable colour problems in the membrane-
based designs, the first which is specific to ECIA designs, is the escape of the 
co-substrate and production of colour in the bulk solution63. The other problem 
which is common to all membrane-based designs and EIH is the fading of the 
colour produced by the insoluble chromogenic substrate on the membrane 
surface over time212,247. The present study provided solutions for both of these 
problems. 
 
4.10.1. Use of scavenger enzymes to prevent colour production in solution: 
In agreement with the previous studies in ECIAs63, there is slight colour 
formation in the bulk solution in this ECIA when the direct coating design is 
adopted. This colour is produced because of the low levels of the co-substrate, 
which are released into the solution by the immobilized GOase enzyme and 
escaped being captured by the peroxidase enzyme on the surface. Scavenger 
enzymes (e.g., catalase) were used by many investigators to capture escaping 
H2O2 before it reaches the bulk and starts reacting with the free (unbound) 
peroxidase enzyme in presence of the chromogenic substrate and produce 
colour into the bulk solution63. However, experimental evidence from this study 
has shown that, scavenger enzymes even when they are used at their optimum 
concentrations, they were found to delay the rate of reaction, which is 
undesirable drawback for rapid tests. 
This delay in the rate of reaction is most probably due to the fact that, the 
scavenger enzyme do not only capture the H2O2 escaping into the bulk solution 
but it may also compete with the bound peroxidase conjugate for the hydrogen 
peroxide generated on the surface of the membrane and in so doing delays the 
rate of colour production on the surface and prolongs the colour development 
step and consequently the total analysis time. 
The problem of hydrogen peroxide escape and production of colours into 
bulk solution was solved in this design by properly controlled hydrogen 
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peroxide generation through optimization of GOase enzyme and adoption of 
the highly sensitive and reproducible bi-layered coating design.   
 
4.10.2.a. Restoration of test strips colours after fading: 
Chromogenic detection is simple to perform compared to radioisotopic, 
chemiluminescent and fluorescent detection. However, many of the chemicals 
used are hazardous and the coloured precipitates produced have a tendency to 
fade over time, necessitating the immediate interpretation of the results 
obtained212,244,247. Because of this colour instability, the timing of instrumental 
readings was considered to be critical in many previous studies adopting 
instrumental evaluation and it is generally advisable to analyze no more than 30 
test strips in a single set of analyses to avoid loss of analytical consistency of 
the data212,25.  
However, this problem was solved in this design as the colour can be 
very quickly restored after totally fading just by re-wetting the dry membrane 
by addition of tab water or by re-immersing the membrane in, and quickly 
removing it out of the developer solution. Therefore, qualitative or semi- 
qualitative tests done at an early stage in the field can be quantified later on in 
the laboratory if the strips are carefully labeled and backed so as not to be 
damaged. 
 
4.10.2.b. Prevention of colour fading when test strips are to be kept in 
               solution: 
The particularly interesting finding of the present study is that, colours of 
the developed test strips can be stored in solution without fading for a 
considerably long time. This can be achieved by transferring the developed test 
strips into tubes containing phosphate buffer supplemented with physiological 
saline. Test strips transferred to tubes containing phosphate buffer as such or 
phosphate buffer containing higher or lower NaCl content than physiological 
were observed to fade down over time. The explanation for this behaviour is, 
however, not clear, but may be a property of the physiological saline to 
maintain the constituents of the different media as they are during long term wet 
storage. 
The significance of this finding is that the fading of the developed 
membrane colour can be prevented if the membrane is to be stored in solution 
by using phosphate buffered physiological saline as a storage buffer. 
     
4.11. Studies on CNP chromogen in ECIAs: 
4.11.1. Optimization of CNP chromogen content in the developer solution: 
 Prior to performing any studies on CNP during this work, the chromogen 
concentration in the developer solution was initially optimized in order to 
obtain the best possible results. Under the optimum concentration of the coated 
GOase and the optimum enzyme tracer in this study, the optimum CNP 
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chromogen content in the developer solution was found to be 0.6 mg CNP/ml of 
the developer solution which is twice the level reported by Litman and his co-
workers in 198362 of 0.3 mg/ml for a similar ECIA. 
 
4.11.2. Optimization of β-D-glucose content of the CNP developer solution: 
 In agreement with the previous literature reports adopting ECIAs62 the 
optimum β-D-glucose content of the CNP developer solution was found to be 
9g glucose/L of the developer solution. Lower concentrations result in slow 
colour development and faint colour production, whereas, extremely high 
concentrations result in colour escape into the bulk solution.   
 
4.11.3. Optimization of enzyme tracer concentration with CNP: 
 The findings of this study have shown that the stability of the colour 
produced on the surface of test strips is directly proportional to the enzyme 
tracer concentration. Concentrated enzyme tracer solutions were found to 
produce intense and stable colours without colour escape into the bulk solution, 
whereas, diluted enzyme tracer produce faint colours with a considerable colour 
escape into bulk solutions. This means that increasing the concentration of the 
enzyme tracer is considered as one of the basic means of stabilizing the colour 
on the surface of the membrane and prevention of colour escape into bulk 
solution in ECIAs, as colour escape into bulk solution is a well known problem 
in ECIAs63. 
 
4.11.4. Effect of ionic strength on CNP developer solution: 
4.11.4. a.  Effect on colour production: 
Increasing ionic strength of the developer solution in general is known to 
reduce colour production143. However, the increasing amount of the white 
precipitate formed with increasing ionic strength of the developer solution 
during CNP chromogen preparation may account in part for the decreasing 
colour production when the assay is done. The increasing amount of the white 
precipitate formed with increasing ionic strength might reduce the concentration 
of the soluble fraction of the chromogen and consequently may contribute to the 
reduced colour production during assay performance.  
 
4.11.4. b. Prevention of colouration of BSA containing CNP developer 
                solutions: 
 Bovine serum albumin (BSA) is the most common blocking agent added 
to assay buffers in immunoassays to prevent nonspecific binding112. However, 
when this inert protein was added to CNP containing developer solution in this 
study, the colourless solution was found to change gradually into yellow and 
dark yellow colours after a short term “two weeks” of cold storage.  
 As this design is formulated to be visual and the test results are 
interpreted by looking at colours, colouration of the developer solutions upon 
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storage is undesirable and considered a serious drawback. Physical changes 
such as colouration, discolouration, or appearance of precipitates are 
undesirable in diagnostic reagents143. However, colouration of this developer 
solution was found to decrease with increasing ionic strength of the developer 
buffer (phosphate buffer pH 7.2) and is totally prevented in a one molar 
solution. 
 
4.11.4.c. Role of NaCl in enhancing CNP colour development on the surface 
               of the membrane: 
 In addition to preventing colouration of the developer solution during 
storage, increasing ionic strength by increasing sodium chloride content had the 
advantage of enhancing colour development later during assay performance. It 
seems that increasing NaCl content of the developer solution promotes the 
solubility of chloronaphthol in aqueous media. The increase in colour intensity 
produced on the surface of the membrane during the assay performance, may be 
due to an increase in the effective soluble fraction of the chromogen with 
increasing sodium chloride content or it may be due to an improvement in assay 
sensitivity brought by increasing ionic strength or both. 
 A voluminous white precipitate is formed when CNP chromogen is 
added to the developer buffer112, however no such a precipitate is formed in 
NaCl containing developer solutions. It seems that sodium chloride facilitates 
solubility of CNP in the aqueous media and that may be the reason why NaCl 
containing developer solutions produce more intense colours than non-saline 
solutions.    
 
4.12. Studies on TMB chromogen in ECIAs: 
4.12.1. Optimization of TMB chromogen content in the developer solution: 
 The optimum TMB content of the stock solution for this ECIA design 
was found to be 9.6 mg/ml which is higher than that reported in the literature 
for the membrane-based EIAs of 6 mg/ml25,212. The only study in the literature 
adopting ECIA format is using CNP chromogen62 and consequently there is no 
possibility to compare with an exactly the same design and similar membrane-
based EIA’s were used instead. 
 
4.12.2. Effect of pH on the oxidation of TMB chromogen: 
 Previous studies have shown that oxidation of TMB is highly pH 
dependent and is most effective at lower pH (2.5-4.0)219. The findings of the 
present study in agreement with the previous findings have shown that acidic 
are producing rapid and more intense colours than neutral and alkaline pH. 
However, neutral pH was adopted in this study, simply because adopting 
strongly acidic and alkaline pH solutions during the colour development step 
was found to lead to leaching of colour from the surface of the membrane into 
the bulk solution. Leaching of colour is most probably due to the dissociation 
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of the antigen-antibody complex already formed during the first competition 
step by the highly acidic or alkaline pH of the colour development step. Ionic 
antigen-antibody interactions are reported to be severely disrupted outside the 
pH 6-8 range257, this disruption leads to release of the bound conjugate into the 
bulk solution, leaching the deposited coloured product with it. 
 
4.12.3. Effect of ionic strength on the oxidation of TMB chromogen: 
 The findings of the present study have shown that oxidation of TMB 
chromogen in this membrane-based ECIA design favours low ionic strength 
substrate buffer. 
 
4.12.4. Effect of chloride ion on TMB-containing substrate buffers: 
 The findings of the present study have shown that chloride ion plays 
important and opposing roles in colour development in TMB-containing acetate 
and phosphate substrate buffers. While it allows a clear colour development in 
TMB-containing PBS solutions it totally suppresses colour development in 
TMB-containing ABS. It seems as if the chloride ion counteracts the behaviour 
of TMB in the chloride free solutions. It suppresses colour development in ABS 
while the colour freely develops in the original chloride free acetate buffer. On 
the other hand it allows colour development in PBS solutions while, there is 
complete failure of colour development in the original chloride free phosphate 
buffer. Explanation of this behavior is, however, not clear but it may be related 
to the effect of chloride ion either on pH, ionic strength, or both.       
 
4.12.5. Effect of alcohol on colour development in TMB-containing buffers: 
 Irrespective of the type of buffer, alcohol is always having a positive 
enhancing effect on TMB colour development if the colour is spontaneously 
produced in the original alcohol-free buffer. However, alcohol can not facilitate 
production of colour if the colour does not spontaneously develop in the 
corresponding alcohol-free buffer. The optimum alcohol content of the 
developer solution was found to be 40% in this study and any further increment 
of alcohol would result in faint colour development. The fact that alcohol 
depresses peroxidase activity219,260 may account for the decrease in colour 
intensity when alcohol content exceeds 40%. 
 
4.12.6. Effect of gelatin on colour development in TMB containing buffers: 
 The findings of the present study have shown that on the contrary to 
alcohol, gelatin can facilitate (initiate) colour production even if it is not 
spontaneously produced in the original gelatin-free buffer. On the other hand it 
has a negative retarding effect on colour development when there is 
spontaneous colour development in gelatin-free buffer. Therefore, alcohol and 
gelatin are having exactly opposing effects on colour production in TMB- 
containing buffers in ECIAs. This means that colour can be produced at acidic 
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or neutral pH (Acetate or phosphate) just by switching from alcohol to gelatin 
or vice versa. This means that, the buffer composition may facilitate or suppress 
the colour development in enzyme channeling immunoassays and the buffer 
additives must be carefully selected and experimentally tested before deciding 
to include or exclude a particular additive for one reason or another. 
 
4.12.7. In situ controlled generation of H2O2 in ECIAs rendered the highly 
            soluble TMB chromogen insoluble: 
 The findings of the present study have shown that reducing the coated 
GOase concentration and consequently reducing the levels of H2O2 generated 
on the surface of the membrane in ECIAs controls the degree of colour escape 
into the bulk solution. Furthermore, the properly controlled in situ generation of 
H2O2 in this study totally prevented colour escape and successfully rendered the 
soluble TMB chromogen insoluble. 
 Because TMB chromogen is extremely sensitive, it has been extensively 
used for enzyme-linked immunosorbent assays and for histochemical analysis 
for tracing pathways in the central nervous system261-264, but because of the 
soluble nature of the chromogen, different methods were previously adopted to 
render it water insoluble, so as to be used with test strips, immunoblots and 
immunohistochemistry. The different methods reported in stabilizing TMB 
reaction products have some limitations and are not totally free from 
dissociation problems. These methods were also tested in this study.  
 In one method McKimm-Breschkin116 have used HRP and TMB 
substrate for the development of both slot blots and western blots, they used 
dextran sulphate to capture the soluble TMB reaction product and reported a 
solid phase immunoassay with a sensitivity that is equal to or greater than that 
obtained with alkaline phosphatase reaction using 5-bromo-4-chloro-3-
indolylphosphate (BCIP) and nitroblue tetrazolium (NBT) substrate.  
 Morber and his co-workers258 in 1993 have investigated TMB as a 
chromogenic substrate for the development of an atrazine selective test-strip IA. 
They adsorbed the antibodies on nitrocellulose carrier strips and tried to prevent 
diffusion of the oxidized TMB dye from the test-strip by adding dextran sulfate. 
Although they used reflectance measurements, they described their preliminary 
results as not very promising in terms of establishing a reproducible assay with 
a low measuring range. Use of dextran sulphate in the present study, however, 
delayed the colour production on the surface of the membrane, but leaving aside 
this delay it also failed to stabilize the colour produced on the surface of the 
membrane.   
 In another method Wittmann et al33 1996 have developed a dipstick 
immunoassay for the determination of atrazine residues on site. They used 
dioctylsulphosuccinate (DSS) as the precipitating reagent for TMB reaction 
product; they were able to improve the detection limits and reported satisfactory 
reproducibility. However, they noted that the detection limits for atrazine 
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achieved by this method are suitable for environmental monitoring purposes 
(runoff water, surface water, etc), but still too high for application of the 
dipstick IA to routine screening of drinking water samples according to EU 
legislative requirements. Therefore, in an attempt to lower the detection limits 
of their dipstick immunoassay to become suitable for the routine screening of 
the drinking water, they used higher antibody and enzyme tracer dilutions. This 
prolonged the total assay time to 45 min. However, when the test strips were 
incubated for more than 20 minutes in the substrate solution, the coloured TMB 
charge-transfer complex could not be retained sufficiently on the membrane 
surface by DSS but slowly leached into the incubation solution. 
Wittmann and Schreiter238 when they developed their test strips for the 
analysis of terbuthylazine in soil samples and used HRP tracer in combination 
with TMB as the enzyme substrate, they also reported that the blue colour 
developed in the enzymatic reaction did not remain on the dipstick (although 
dioctylsulfosuccinate, sodium salt, was taken for precipitation) but leached out 
into the solution. 
Cho and his co-workers25 when immobilized anti-cortisol antibody on the 
surface of nitrocellulose and immobilon membranes, which bind proteins 
hydrophobically, they observed strong colour precipitate at the beginning, but 
the colour leached out into the solution and disappeared almost completely in a 
few minutes although DSS was used for precipitation. However, they reported 
that the intensity of the TMB colour did not change within a few minutes when 
other membranes are used.  Immudyne membrane which has active functional 
groups on its surface that covalently bind proteins was selected as the 
membrane of choice for their study on the basis of the colour intensity, which 
was strongest.   
 Precipitation of the TMB reaction product in this enzyme channeling 
immunoassay by addition of DSS, however, did not noticeably improve colour 
stability or reproducibility. The only means that has successfully stabilized the 
TMB reaction product reproducibly in this ECIA design was the controlled in 
situ generation of H2O2 on the surface of the membrane, which was achieved in 
this design by the fine control of the amount of the H2O2-generating enzyme 
(GOase) initially immobilized on the surface of the membrane. 
 The controlled generation of H2O2 is also important because high 
concentrations of it tend to inactivate HRP, and this inactivation process is 
stronger for free than for immobilized HRP265. An incorrect H2O2 concentration 
is probably the single most important factor in interassay variation and enzyme 
inactivation in the commercial enzyme immunodiagnostic products94. 
Stabilization of the TMB reaction product on the surface of the 
nitrocellulose membrane by the controlled in situ generation of H2O2 can be 
explained by the fact that slow release of H2O2 on the surface of the membrane 
results in the deposition of small sized TMB reaction-product granules on the 
surface of the membrane. The small size granules, once formed, are reported to 
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adhere to the solid phase surface much stronger than the large size ones266-269. 
Therefore, deposition of small sized reaction-product granules would result in a 
thin compact film of TMB reaction product granules which stick more firmly to 
the surface of the nitrocellulose membrane than a thick film made of large ones.  
The advantage of this new precipitation method is that it depends on an 
inherent physical property of the precipitated product itself rather than the 
addition of an exogenous precipitant and in so doing provides a “clean” and 
practical method of preciptation. 
 
4.12.8. TMB is a useful pH monitor for a continuously pH-changing 
            solution: 
 An interesting finding during optimization of GOase in this ECIA design 
is that, when GOase concentration is high the colour produced did not stay on 
the surface of the membrane but escaped into the bulk solution leaving a 
colourless membrane. The explanation for this behaviour is that, when the 
concentration of GOase is high the amount of H2O2 generated is high and 
exceeds the capacity of the captured HRP tracer at the surface of the membrane 
to cope with it. As a result of this, the excess H2O2 generated on the surface 
escaped into the bulk solution and oxidized TMB in presence of the enzyme 
tracer. In addition to that, the large size granules generated on the surface also 
leaches into the bulk solution leaving a colourless membrane.  
 The other important observation during optimization of GOase is that, the 
gradually increasing H2O2 concentration in the bulk solution resulted in a series 
of colour changes starting with the blue colour and ending with a light brown 
colour.  
 However, when the concentration of GOase on the surface of the 
membrane was adjusted so that the amount of the enzyme tracer captured by the 
antibody can cope with the limited amount of H2O2 generated, then the blue 
colour can be stabilized on the surface of the membrane. In this study not only 
the blue colour of TMB was stabilized on the surface of the membrane, but also 
the green and red colours were produced and stabilized. The red colour was 
obtained by gradually increasing alcohol content in the developer solution till it 
reaches 10%. The green colour was obtained when alcohol content is 20%.  
 The reason why TMB produces different colours in the bulk solution 
with changing H2O2 generation, and the reason why different stable colours are 
produced on the surface of the membrane with changing alcohol content 
remained unclear, till it was later resolved when further experiments on TMB 
have shown that colours of TMB oxidation products are pH dependent. In both 
cases, the changing H2O2 concentration or the changing alcohol content in the 
developer solution, changes the pH. The TMB chromogen on the surface of the 
membrane or in the bulk solution continuously monitors the pH by continuously 
changing colour to indicate the continuously changing pH. This postulate was 
proved in this study by preparing solutions of increasing pH covering the whole 
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range from pH 1 to pH 14 in one pH unit increments. When enzymatic reactions 
were performed with both constant and variable TMB content, the chromogen 
was observed to change colour with any change in pH.  
 Therefore, TMB chromogen can be used as a pH monitor, to 
continuously indicate the pH of a continuously pH-changing solution. 
 
4.13. Selection of the suitable assay protocol: 
In all of the competitive solid phase immunoassays, there are two 
possible assay protocols which are the quasi-equilibrium saturation assay 
protocol, and the sequential saturation assay protocol. In the quasi-equilibrium 
saturation method on solid phase membranes, the antigen present in the test 
sample and the enzyme-labeled antigen compete simultaneously for the 
available antibody on the solid phase. The enzymatic reaction on the surface of 
the membrane is inversely proportional to the amount of the unlabelled antigen 
present. This method is more useful for the assay of small molecules for which 
sequential incubation does not increase detectability, in contrast to that of larger 
proteins, probably because small molecules diffuse much faster than the 
conjugates94.  
Secondly, the anti-analyte antibody coated on the surface of the test pad 
would accomplish an in situ affinity purification of the of T4-peroxidase 
conjugate from unconjugated peroxidase during the assay270 and only the 
conjugated enzyme will get bound to the surface of the test pad excluding the 
unconjugated enzyme, a situation that is particularly important in case of the 
aging enzyme tracers. In case of delayed addition of the enzyme tracer, the 
active unconjugated enzyme would contribute to production of colours into the 
bulk developer solution. Because of the above mentioned the quazi-equilibrium 
competition assay protocol was selected for this study.  
 
4.14. Estimation of the shelf life of the prepared test strips: 
 In this membrane-based ECIA the shelf life was estimated with both real 
time and accelerated aging studies. However, the shelf life when estimated with 
accelerated aging studies was found to be a little more than 10 months (290 
days or 41 weeks) whereas, a shelf life of more than one year (58 weeks) was 
recorded when real-time aging studies were done.  
 This considerable difference in expiration dating between the two 
methods was related mainly to the presence of the heat labile GOase enzyme 
which is reported to be unstable above 40° C143.  Because the accelerated aging 
studies were performed at 37º C, which is very close to 40º C, GOase may get 
inactivated “pre-maturely” well before the expected expiration date when 
exposed to temperatures very close to 40° C. However, variations in shelf lives 
with variations in storage temperature are expected and also reported 
elsewhere88.  
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 Shelf lives of the membrane-based dip-sticks reported in the literature are 
quite variable. The shelf life and stability of the coated proteins is affected by 
many variables, including among others, the type of membrane polymer, type 
of binding between the membrane and the coated proteins, affinity of the coated 
proteins towards the solid surface as well as conditions under which the coated 
membrane is stored.  
 Reported shelf lives in the literature for coated nylon membranes ranges 
from a few weeks to few months. Saeger and Van Peteghem245 in 1996 have 
developed a dipstick enzyme immunoassay on a nylon membrane (immunodyne 
ABC) which could be stored for 2 weeks without any deterioration if they were 
kept in plastic vacuum-sealed bags at room temperature in the dark. Cho et al25 
in 2003 have used the same type of membrane (Immunodyne ABC) to develop 
a direct dipstick ELISA for detection of Fenthion which could be stored at 4º C 
for several weeks. Wittmann and Schreiter238 in 1999 have used a nylon 
membrane (Biodyne B) to develop an enzyme immunoassay-based dipstick 
with reflectance detection which could be stored at 4º C for at least 1 month. 
Vanoosthuyze et al246 in 1997 have used a nylon membrane (Immunodyne 
ABC) and developed a test strip which could be stored at 4º C in a vacuum-
sealed plastic bag for at least 6 weeks without a change in performance. 
Mosiello et al212 in 1998 have coated a nylon membrane (Immunodyne) and 
developed a dipstick which could be stored at 4º C for at least 6 months without 
loss of efficiency. Finally, Wittmann and co-workers33 in 1996 have coated a 
nylon membrane (Biodyne B) and developed a dipstick which could be stored 
at 4º C for several months. 
In many other nylon-based enzyme immunoassays when the 
immunodyne immunoaffinity membrane is used the exact shelf life is not 
stated20,35,66,67,235, However, they recommend that the membrane should be 
stored dry at room temperature protected from light and humidity. Singh and 
Jang226 in 1987 have developed a membrane-based enzyme immunoassay on 
immobilonTM affinity membrane (PVDF) and have not mentioned the shelf life. 
Reported shelf-lives in the literature for coated nitrocellulose membranes 
are also quite variable. Armstrong et al254 in 2001 have reported stability of over 
four weeks for oestradiol conjugates immobilized on nitrocellulose membranes 
when stored sealed in aluminum foil in a desiccator at room temperature. 
Giersch53 in 1993 has reported several months’ stability of monoclonal anti-
atrazine antibodies dried on the surface of nitrocellulose membranes. Collin et 
al36 in 1998 have developed nitrocellulose-based dipsticks which were 
considerably stable, showing full activity after 14 months when stored 
desiccated at 4º C. However, Coleman et al42 in 2000 have developed and 
evaluated a dipstick for simultaneous detection of plasmodium falciparum and 
plasmodium vivax sporozoites in mosquitoes which retained full activity for 12 
months. In some other nitrocellulose-based enzyme immunoassays the exact 
shelf- life is not stated51. 
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 All of the above mentioned membrane-based enzyme immunoassays are 
developed based on ELISA principles, where an only one protein (antibody) is 
coated on the surface of the membrane. However in this study a membrane- 
based enzyme immunoassay was developed based on ECIA principles, and two 
proteins (an antibody and an enzyme) instead of one are coated on the surface 
of the membrane. Therefore, the shelf life of this nitrocellulose-based dipstick 
will depend on the stability of both proteins coated on the surface of the 
membrane. As one of these proteins (GOase) is heat labile and not stable above 
40º C the strips were stored desiccated at room temperature, where they stay for 
one year without loss of efficiency. This membrane-based ECIA test strip was 
compared to membrane- based ELISA’s because the only ECIA test strip 
reported in the literature was developed on the surface of paper62. 
 
4.15. Stability and the shelf life of the developer solution: 
 Except for the gelatin containing CNP developer, all the developer 
solutions tested in this study were found to be extremely stable. They stay 
physically unchanged, without loss of efficiency for more than two years if kept 
“un-opened” under suitable storage conditions of temperature and protected 
from direct light.  
 The high stability of the different developer solutions tested in this study 
is mainly due to the elimination of H2O2 which is considered to be the most 
unstable component of any HRP developer solution. H2O2 was omitted in this 
design as it can be generated freshly in situ by GOase enzyme coated on the 
surface of the membrane during assay performance. Therefore, the developer 
solution if stored under suitable conditions will stay much longer than all other 
comparable developers used in membrane-based enzyme immunoassays.  
 
4.16. Establishment of the hypothyroid cut-off point: 
The use of anti-HRP antibodies as a cut-off point in this study was found 
to be a simple and reproducible means to provide a detection limit for 
hypothyroidism within each test, thus reducing the test protocol, as well as the 
materials required.  
Integrated positive control reactions are quite common for 
noncompetitive immunoassays developed in clinical chemistry and can be 
found in many types of commercial pregnancy tests68. For small molecules, 
however, such tests are still the exception. Schneider et al66 in 1995 have 
described an approach to integrate negative controls in two rapid competitive 
EIA’s for fumonisins by using anti-peroxidase antibodies. In their approach 
Schneider and his co-workers66 have used goat anti-HRP antibodies to coat a 
second line or dot on each test membrane. These antibodies bind a constant 
amount of the analyte-enzyme conjugate, which, after addition of the 
chromogen/substrate solution, results in a “maximum colour development” 
zone near the specific reaction zone.  
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In this study the same principles were adopted in a new and slightly 
different approach wherein the anti-HRP antibodies were neither used as 
positive controls, nor as negative controls but they were used instead to set the 
cut-off point for the lower limit of the normal range for thyroxine. This built in 
threshold or “cut-off” would help in identifying and diagnosing the hypothyroid 
state. Therefore, the test strip became self-contained with no need to run cut-off 
tests in parallel with the unknown sample tests. 
By inclusion of this reference standard the test becomes semi-
quantitative, but it can be changed to a completely quantitative test by exclusion 
of this internal reference standard and inclusion of a complete set of external 
standards, which can be performed in parallel with the test sample and read by a 
portable reflectometer. 
 Beside the determination of the cut-off point and detection of 
hypothyroidism, inclusion of the internal reference standard, serve the 
following functions: 
 
(a)   It eliminates the need for preparation of calibrated colour charts. 
(b)   It eliminates the need for strict control of the reaction conditions (e.g.,  
        temperature, pH, incubation time and volume, etc). 
(c)   It reduces the need for attentiveness and accuracy in reaction time. 
(d) It provides a control to the user on the deterioration of the immunoreagents      
or the developer solution. 
(e)  It provides a control on the highly disturbing matrix effects as any partial 
reduction of the colour of the test pad due to matrix interference would be 
accompanied by an equal and parallel reduction in the colour of the 
reference pad. Therefore it enables detection of hypothyroidism in serum, 
plasma or whole blood. 
 
4.17. The total analysis time: 
The total analysis time of this ECIA design of 10 minutes (5 minutes in 
the first competition step and 5 minutes during substrate incubation step) is 
comparable to the previous competitive membrane-based dipstick reports of 10 
minutes for atrazine and carbaryl pesticide residues228, 12 minutes for 
sulfonamide244, and of 15 minutes for carbaryl247.    
 Total analysis time for membrane-based rapid enzyme immunoassays 
reported in the literature is quite variable. It varies from 5 minutes up to one 
hour in some cases depending on the affinity of the antibody used, the 
concentration of the analyte under test and the assay format adopted. 
The total analysis time for rapid tests developed for the detection of 
different mycotoxins is almost the same. Schneider and his co-workers20 in 
1991 have reported 33 minutes incubation time during the competition step and 
3-5 minutes substrate incubation time during the colour development step with 
a wash step between them making a total analysis time of less than 1 hr for 
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screening cereals for mycotoxins. Usleber and his co-workers35 in 1993 have 
adopted the same assay protocol which required the same total analysis time for 
determination of 15-Acetyldeoxinivalenol in wheat. Usleber and his co-
workers235 in 1991 developed a rapid enzyme immunoassay test strip for the 
detection of saxitoxin in shellfish which required a total analysis time of less 
than 1 hr (30 minutes competition step, 3-5 min colour development step and a 
wash step between them). Schneider and his co-workers66 in 1995 developed a 
competitive direct dipstick enzyme immunoassay for qualitative rapid detection 
of Fumonisin B1 in corn-based food in 60 minutes. Ploum and his co-workers51 
in 1991 have developed a test strip enzyme immunoassay for fast screening of 
growth promoters in urine which can be performed in 45-60 minutes.  
Vanoosthuyze and his co-workers246 in 1997 have developed a test strip 
immunoassay for determination of β-agonists in urine; the whole test takes 
about 30 minutes. Wittmann et al33 in 1996 have developed a dipstick for the 
determination of atrazine which require a total assay time of 25 minutes. 
Giersch53 in 1993 has developed a membrane-based competitive enzyme 
immunoassay for the detection of atrazine within about 20 minutes (5 minutes 
for the competition step and 10 minutes for the colour development step).  
Collin et al36 in 1998 have developed a dipstick enzyme immunoassay for the 
detection of the mycotoxin, sporidesmin-A, which could be completed in ~ 12 
min.   
 
4.18. Validation of qualitative assays: 
 Analytical sensitivity (detection limit) of this membrane-based ECIA was 
found to be 30 nmole/l. This level is comparable to that reported for other low 
molecular weight hormones254.    
 Detection limit of this membrane-based dipstick of 30 nmole/l is six fold 
higher than that reported for the parent RIA kit of 5 nmole/l200. However, this 
detection limit is still sufficient for the purpose of a rapid qualitative test and 
fall within the clinical range of interest for thyroxine in this design. Detection 
limits for the membrane-based competitive immuoassays in general are at least 
one order of magnitude higher than their corresponding microtitre plate 
counterparts20,25,41,66. This lowered sensitivity (elevated detection limit) is 
mainly due to increased antibody concentration required for rapid tests; 
therefore, in rapid tests, sensitivity is sacrificed for rapidity. 
 Therefore, the basic challenges faced in this semi-quantitative design are 
the high sensitivity needed to achieve the low detection limits required for the 
detection of serum thyroxine (in the range of 10-9 mole/l) and the relatively 
wide working range which should encompass the whole hypothyroid range 
(>50 nmole/l). However, the high antibody concentrations needed to increase 
the speed of reaction in rapid tests counteracts the low detection limits required 
for the test. High antibody concentrations results not only in elevated detection 
limits but also in narrower working ranges where a relatively high concentration 
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sample results in complete disappearance of colour, a situation that makes the 
rapid tests suitable only for qualitative analysis. The discrimination between the 
closely related concentrations becomes difficult and the overall resolution of the 
tests becomes poor. 
 To overcome these difficulties and reduce the amount of immunoreagents 
needed (primary anti-analyte antibody and enzyme tracer) in order to make the 
tests more sensitive and widen the working range; the second antibody 
technique was adopted in this study. This technique was reported by many 
membrane-based immunoassay developers53,246,248 to result in greatly improved 
sensitivity and reproducibility. This is related to the low concentrations of anti-
analyte antibodies and extremely high dilutions of enzyme tracers which could 
only be achieved by the adoption of the second antibody technique. 
Furthermore, Butler et al159 in 1993 have shown that antibodies immobilized by 
using an antiglobulin antibody retained full activity as they are properly 
oriented.   
 Because in this qualitative competitive design not only a highly sensitive 
assay is needed but also an assay with a relatively wide working range that 
encompasses the whole hypothyroid range is important. The working range of 
the test strip should be widened so as to encompass the lower limit of the 
normal range (cut-off point) of serum thyroxine before the colour completely 
disappears. The detection limit of the test should lie sufficiently beyond the 
lower limit of the normal range (cut-off point) but should stay, at the same time, 
easily distinguishable from “zero” in the analyte free samples. For all of what is 
mentioned above and in order to improve the sensitivity and widen the working 
range the second antibody technique was adopted in this study and with a 
detection limit of 30 nmole/l and a working range of  up to 85 nmole/l  all of the 
above mentioned goals were successfully met.      
Unlike analytical sensitivity, diagnostic sensitivity of membrane based 
dip-stick ELISAs does not differ considerably from that of their parent 
counterparts45,225. Diagnostic sensitivity of this design was found to be 95% and 
diagnostic specificity was found to be 98.4% which are comparable to those 
reported in the literature, for membrane-based enzyme immunoassays40,46. 
 Determination of the predictive values requires accurate knowledge of 
the prevalence of the disease199,271, but as the samples for this study are 
collected from a thyroid disease clinic where prevalence is high, calculation of 
the positive and negative predictive values was not done as high prevalence 
level might bias the results. 
 
4.19. Nitrocellulose-catalyzed photo-oxidation of TMB: 
 One of the un-intentional, but lucky accidents in this study is that 
nitrocellulose membranes when immersed in a TMB solution and exposed to 
direct sun-light they can “immediately” oxidize TMB and produce beautiful 
colours. The immediate oxidation of TMB in absence of H2O2 and biological or 
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inorganic catalysts is an indication that nitrocellulose is strong catalyst for TMB 
photo-oxidation. Evidence that nitrocellulose can catalyze the photo-oxidation 
of TMB together with the proposed mechanism for this photo-oxidation is 
discussed below: 
 
4.19.1. Evidence that nitrocellulose catalyzes the photo-oxidation of TMB: 
 The evidence that nitrocellulose plays an active role in the photo-
oxidation of TMB is that, if plain un-impregnated discs of nitrocellulose were 
immersed in a TMB containing solution in parallel with other filter paper discs 
and exposed to direct sun-light, then the oxidation will take place only on the 
active surface of nitrocellulose filter. Unlike the reported general tendency of 
TMB enzymatic oxidation products to diffuse into the bulk solution33,238, the 
nitrocellulose-catalyzed photo-oxidation product does not diffuse but stick to 
the surface of the membrane suggesting a different mechanism for the oxidation 
and a sort of binding between the oxidized TMB and the surface of the 
membrane during the reaction. 
 Additional evidence that nitrocellulose is important for the photo-
oxidation of TMB is that the colour was observed to develop solely on the 
active surface of the test strip, with no colour production at all in the bulk 
solution although the TMB chromogen is dissolved in the bulk. Therefore, 
TMB will not be oxidized if exposed to direct sun-light in absence of 
nitrocellulose membrane, whether this TMB is dissolved in solution or 
impregnated on any filter other than nitrocellulose membrane. 
 
4.19.2. Mechanism of nitrocellulose-catalyzed photo-oxidation of TMB:     
 The mechanism whereby nitrocellulose catalyzes the photo-oxidation of 
3,5,3',5'-tetramethylbenzidine is not known. However, nitrocellulose may 
catalyze the photo-oxidation of TMB by a mechanism similar to that of 
enzymatic oxidation. Electrons may be transferred from TMB when bombarded 
(when irradiated with an intense light source) with an intense ray of light 
photons to yield the coloured products. The extremely strong dipole of the 
nitrate esters on the surface of the nitrocellulose membrane itself may facilitate 
attraction and binding of TMB, electron transfer upon irradiation and the 
consequent production of free radicals. 
 Sinlapadech and his co-workers272 have investigated the photo-ionization 
of N,N,N´,N΄-tetramethylbenzidine and have shown that the cation radical 
TMB•+ is produced by 320 nm light at room temperature and characterized by 
electron spin resonance (ESR). Alkaitis and Gratzel273 in 1976 have stated that 
hydrated electrons and TMB+ cation radicals are also produced by sun-light 
irradiation of N,N,N´,N΄-tetramethylbenzidine solution in sodium lauryl 
sulphate micelles.  
 Similar to the  role of free radicals in N,N,N´,N΄-tetramethylbenzidine 
photo-ionization in the previous studies272,273, the high degree of colour 
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suppression by ascorbate in this study also suggests a major role of free radical 
formation in the 3,5,3',5'-tetramethylbenzidine photo-oxidation. However, 
production of faint colours even in presence of high ascorbate content also 
suggests that hydrated electrons may also be produced by sun-light and play a 
minor role in colour production beside the major role of free radical formation 
during the process of photo-oxidation.  
 Whether, the nitrocellulose-catalyzed photo-oxidation of 3,5,3',5'-
tetramethylbenzidine takes place through production of free radicals, hydrated 
electrons or both remains to be further investigated and properly studied using 
advanced physico-chemical techniques. 
 What deserve special attention in the nitrocellulose-catalyzed photo-
oxidation of TMB is that, the highly soluble TMB chromogen became extra-
ordinarily insoluble. The reason behind this extra-ordinarily stability in aqueous 
media is not clear but this may be a key to unveil the secrets, understand and 
develop means for stabilizing the TMB reaction products so that this extremely 
sensitive chromogen could be used in immunohistochemistry, immunoblotting 
and membrane- based rapid ELISAs in any future studies.   
 
4.19.3. Colours of TMB photo-oxidation products are pH dependent: 
 The findings of the present study have shown that colours produced by 
nitrocellulose-catalyzed photo-oxidation of TMB are pH dependent and each 
colour is characteristic for a particular pH range. pH dependency of TMB 
colours lead to the use of the chromogen colours as pH indicators and the 
subsequent development of a "cost-effective" universal pH indicator based upon 
this observation. 
 
4.19.4. Development of a TMB-based universal pH indicator: 
 Commercial universal pH indicators whether liquid or paper are blends of 
different indicators that exhibit several smooth colour changes over a wide 
range of pH values. Liquid universal pH indicator is a pH indicator that has 
different colours to indicate the range of the pH of the solution. This is opposed 
to indicators like phenolphthalein which have only two different colours and are 
able to indicate only whether the pH is above or below a certain point. 
Universal pH indicator paper is a line of compound pH indicators exhibiting a 
series of colour changes (typically producing a recognizably different colour for 
each pH unit) over a range of pH values. Although solutions are available, the 
most common forms of universal pH indicator papers are a series of papers 
impregnated with various mixtures of indicator dyes. 
 The most important advantage of the present universal pH indicator is 
that, unlike the other universal pH indicators, an only one indicator dye is used 
instead of a mixture of indicators a situation that makes it simple and extremely 
cost-effective. The other advantage of this universal pH indicator is that the 
coloured reaction product does not dissolve in the test solution.  
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4.19.5. Colours of enzymatic oxidation of TMB: 
 Horse raddish peroxidase enzyme (HRP) was reported to catalyze the 
H2O2 oxidation of substrates such as TMB in the liquid phase by transferring 
electrons from TMB to H2O2 to yield the coloured products. TMB with the loss 
of one electron normally yield a blue reaction product. Loss of two electrons 
under acidic conditions will yield a yellow product. A green reaction product 
may result from partial conversion to the yellow product from the blue 
intermediate259,274. However, the findings of this study have shown that, it is not 
possible to obtain the blue reaction product in nitrocellulose-catalyzed photo-
oxidation of TMB.  It seems nitrocellulose does not facilitate transfer of one 
electron from TMB during the process of photo-oxidation in acidic media. On 
the contrary to enzymatic oxidation in the liquid phase, the transfer of two 
electrons to yield the yellow oxidation product is only possible under strongly 
alkaline media during the nitrocellulose-catalyzed photo-oxidation of TMB. 
 
4.19.6. Colours of enzymatic oxidation of TMB are pH dependent: 
 The findings of the present study have also shown that colours produced 
in the liquid phase by enzymatic oxidation of TMB in presence of H2O2 are also 
pH dependent and coincide with those produced by nitrocellulose-catalyzed 
photo-oxidation of TMB “at each pH value” throughout the pH scale, except 
that the blue colour is not obtained in the nitrocellulose-catalyzed photo-
oxidation of TMB. Josephy and his co-workers have stated that the HRP/H2O2 
system is characterized by very stable oxidation products of TMB at acid pH 
and that HRP is active over a wide pH range259. The findings of this study, 
however, have shown that there are limitations for the stability of the 
HRP/H2O2 system at the extreme pH values. At the extremely acidic or alkaline 
pH ranges (i.e., Acidic pH 1 and 2 and alkaline pH 13 and 14) in the liquid 
phase, the denaturation of the enzyme does not allow the oxidation of TMB 
chromogen and the liquid remains colourless. No such a problem occurs in the 
nitrocellulose catalyzed photo-oxidation of TMB and the chromogen can be 
oxidized at the extreme acidic and alkaline pH values. Therefore, unlike 
enzymatic oxidation, nitrocellulose-catalyzed photo-oxidation of TMB is 
achievable under very low as well as very high pH conditions. 
 Like the enzyme-catalyzed oxidation of TMB the nitrocellulose catalyzed 
photo-oxidation of TMB produces very stable oxidation products at acidic pH 
and unlike the enzymatic oxidation the blue colour is never obtained with the 
nitrocellulose catalyzed photo-oxidation of TMB. 
 Although not frankly mentioned, previous work with TMB chromogen in 
immunohistochemistry may also confirm the effect of pH change on the colour 
of the TMB reaction-product. Mesulam219 has reported that in some cases 
processed with TMB there has been a change in the colour of the TMB 
reaction-product from blue to red-brown during storage. Our study findings 
suggest that this colour change is most probably due to pH change over time. 
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He also reported that in the TMB procedure it is also possible to see brown 
granules at melanin-containing sites such as the substantia nigra. Our study 
findings also suggest that the development of the brown TMB reaction-product 
at these sites might be due to presence of neutral pH at these sites rather than 
being due to the effect of dye (melanin) colour on the TMB reaction-product.  
 TMB in this study was found to produce a blue reaction product as well 
as a brown reaction product. The blue reaction product is obtainable in acidic 
media and suitable for liquid phase assays, whereas the brown reaction product 
is obtainable in neutral media and could be used with solid phase systems where 
the antigen and the antibody are required to stay bound after the colour 
development step. 
 
4.19.7. Rapid immunodiagnostic field tests adopting TMB as a 
            chromogenic substrate and nitrocellulose-membrane as a carrier 
            matrix are highly susceptible for false results: 
 The findings of the present study have shown that the combined use of 
TMB and nitrocellulose is not suitable for field tests as the test designed with 
this combination tend to show the pH of the test solution under field conditions 
rather than detecting the analyte for which the test is intended. Therefore, field 
tests designed with this combination will be susceptible for false results all the 
times if they were used under field conditions as they will always tell the pH of 
the test solution. 
 There are many rapid immunodiagnostic field tests reported in the 
literature which were developed using TMB as a chromogenic substrate and 
nitrocellulose membrane as a carrier matrix42,45,51,53. Being field tests they must 
be done under the direct sunlight in most of the cases. As these field tests are 
developed in the laboratory, they perform fairly good under laboratory 
conditions, but they will tend to give false positives if they are taken to the field 
conditions. In the field, where tests are normally done under the direct sun-light, 
test performance under shelter is an exception. The direct sun-light will trigger 
the nitrocellulose-catalyzed photo-oxidation of TMB and produce a colour 
change. The colour produced by the photo-oxidation “but not by the enzymatic 
oxidation” of TMB will be a false indication of the presence of analyte under 
test. It follows, although TMB was found to be the most sensitive chromogen to 
be used in ECIA for detection of hypothyroidism in this study it can not be used 
for the field test and the less sensitive CNP chromogen was adopted in this 
study and used instead. 
 As the findings of the present study have shown that, colour production 
in TMB photo-oxidation is pH dependent, and only indicates the pH of the 
medium in which the test strip is inserted, then the results of dry reagent rapid 
tests using TMB as a chromogenic substrate and nitrocellulose membrane as a 
carrier matrix will remain questionable, if the test is to be performed under field 
situations (direct sun-light without a shelter). 
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4.19.8. Evaluation of some commercially available urine test strips 
            adopting TMB under field conditions: 
 Dry reagent test strips contain a cellulose matrix into which is 
impregnated those reagents necessary for a given clinical chemical 
determination275,276. The cellulose matrix could be nitrocellulose or other types 
of paper fibres. In this study and in order to confirm the above mentioned 
findings, some commercial dry reagent rapid tests, adopting TMB as a 
chromogenic substrate for the detection of occult blood in urine were 
investigated under field conditions. Although these tests are basically designed 
to detect occult blood in urine, buffers of increasing pH values were prepared 
and tested in this experiment, instead of real urine samples.  
 Expectedly, when inserted in these buffers and exposed to direct sun-
light, the urine test strips gave false positive results for occult blood, although 
the buffers are highly pure and freshly prepared and are not expected to be 
contaminated with red blood cells. Therefore, it could be clearly understood 
that, when test strips were inserted in the buffers, and exposed to direct sun-
light, TMB chromogen has changed colour, indicating the pH of the media in 
which the test strips were inserted rather than indicating the analyte for which 
the test was originally intended. However, it worth mentioning here that, these 
occult blood tests are basically designed for laboratory use only, and are not 
affected by the diffuse laboratory light where they perform pretty nice with no 
false positive results under laboratory conditions. 
 On the other hand one brand of these diagnostic rapid tests did not show 
false positive results under field conditions although adopting TMB as 
chromogenic substrate, but of unknown carrier matrix which is most probably 
not nitrocellulose. Therefore, the photo-oxidation of TMB can be used to check 
if a particular diagnostic field test is adopting nitrocellulose as a carrier matrix 
or not, or if a particular unlabeled batch of membranes is nitrocellulose or not. 
 Therefore, the immediate recommendation drawn from the findings of 
this study is that, If TMB is to be used as a chromogenic substrate in a test 
developed to be used as a field test, then nitrocellulose membrane must not be 
used as a carrier matrix and any other type of membrane should be used instead. 
If the use of nitrocellulose membrane in a rapid field test is mandatory, then an 
insoluble chromogenic substrate must be used instead of TMB. 
 In case a dry chemistry rapid test is to be developed with an intention for 
laboratory use only and the good combination of TMB as a chromogenic 
substrate and nitrocellulose membrane as a carrier matrix is to be adopted, then 
it must be clearly stated on the product leaflet that, the test must not be 
performed or investigated under the direct sun-light or any other source of 
intense light. This is to avoid photo-oxidation upon “non-intentional” exposure 
to direct sun-light or any other source of intense light “during testing”. This is 
specifically important bearing in mind that the optimum sensitivity of TMB 
chromogen occurs at pH 5.0277 which overlaps with the lower limit of the 
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normal urine pH range (4.5 – 8)278, in which case the TMB will indicate the pH 
of the urine sample rather than indicating the presence or absence of the analyte 
for which the test is intended.  
 However, false positivity for one reason or another is not uncommon 
among immunodiagnostic rapid tests and false positive rapid tests for malaria in 
patients with rheumatoid factor are well documented 279-282. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 156
4.20. Conclusions of the study: 
 
(1) Use of anti-HRP antibodies as a cut-off point was found to be a simple and 
reproducible way to provide a detection limit for hypothyroidism within 
each test, thus reducing the test protocol, as well as the materials required. 
 
(2) The same principles applied in this study can be employed for the 
development of immunochemical test strips for the detection of all low 
molecular weight haptens. It may also be a useful and convenient dip-stick 
format for drug detection.  
 
(3) Care must be taken during selection of the best blocking agent for the 
membrane surface in ECIA designs. The suitable blocker for the membrane 
surface may not always be the best to continue blocking during assay 
performance in the developer solution. 
  
(4) The best blocking agent for the membrane surface in ECIA designs is not 
only a function of the material being blocked, but also a function of the 
specific immobilized protein as well. 
 
(5) In all the previous studies anti-HRP antibodies were coated onto pads, 
incorporated into dipsticks and used as positive or negative controls, 
whereas, in this study the same principles were adopted in a new and 
slightly different approach wherein the anti-HRP antibodies are used to set 
the cut-off point between hypothyroid and eu-thyroid states and in so doing 
help to detect hypothyroidism. Therefore, the test strip becomes self-
contained with no need to run cut-off tests in parallel with the unknown 
sample tests. 
 
(6) Because the highly soluble TMB reaction-product is extremely sensitive, 
different methods were previously tried in order to render it water insoluble 
so as to be used with the membrane-based rapid tests and 
immunohistochemistry. Each of these methods has its drawbacks and 
limitations. However, this soluble and highly sensitive HRP chromogen was 
rendered completely insoluble in this study by the controlled in situ 
generation of H2O2 and successfully used for this membrane-based ECIA.  
 
(7) The advantage of the new TMB precipitation method is that it depends on 
an inherent physical property of the precipitated product itself rather than 
the addition of a chemical precipitant from outside, and in so doing 
provides a “clean” and practical precipitation method. 
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(8) Enzyme catalyzed oxidation of TMB in solution produces different colours 
which are pH-dependent and each colour is characteristic for a particular 
pH range. Therefore, TMB in presence of HRP enzyme and H2O2 can be 
used as a pH monitor to continuously indicate the pH of a continuously pH-
changing solution, this in contrast to end point indicators which only show 
if the solution is acidic or alkaline. 
 
(9) Nitrocellulose membrane is a pre-requisite for the photo-oxidation of TMB 
to take place (it is a catalyst). 
 
(10) The nitrocellulose-catalyzed photo-oxidation of TMB produces different 
and insoluble colours which are pH-dependent and each colour is 
characteristic for a particular pH range. This laid the basis for the 
development of a new universal pH indicator strips. 
 
(11) Rapid field tests adopting TMB as a chromogenic substrate and               
nitrocellulose membrane as a carrier matrix are highly susceptible to false 
positives.  
  
4.21. Future recommendations: 
 
(1)  More attention should be paid to the homogeneous enzyme channeling   
immunoassays, although complex, they can be promising non-separation 
ultra-sensitive alternatives even among quantitative assays. The inherent 
properties of these assays, as far as sensitivity and working ranges are 
concerned, should be further exploited. 
      
(2)  Future research should concentrate on the different means to maintain the         
flow through property of the membranes after their attachment to plastic      
supports. The flow through property is in fact one of the most important    
advantages of the membranes over traditional solid phases as it allows free 
flow of reactants through the membrane and consequently improved reaction 
kinetics, rapidity as well as sensitivity of the test. 
 
(3) The best blocking agent for the membrane surface is not necessarily the best 
material to continue blocking in the developer solution and a different 
blocking agent may act even better. This study, however, did not provide 
any explanation for this behaviour and future studies should consider 
appropriate experimental design in order to arrive at an acceptable 
explanation for it. 
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(4) The highly soluble TMB reaction product behaved as extra-ordinarily 
insoluble during the nitrocellulose-catalyzed photo-oxidation of TMB. The 
reason behind this extra-ordinary stability in aqueous media is not clear, but 
this may be a key to unveil the secrets, understand and develop means for 
stabilizing the TMB reaction products, so as to be used in 
immunohistochemistry and membrane-based rapid tests in any future 
studies.   
 
(5) The combined use of TMB substrate and nitrocellulose membrane should be 
avoided in any rapid tests intended for field use. A rapid test adopting this 
combination and performed under field conditions (direct sun-light) will 
indicate the pH of the solution in which the test strip is inserted, rather than 
indicating the presence or absence of the analyte for which the test is 
intended. 
 
(6) If TMB is to be used as a chromogenic substrate in a test strip developed to 
be used as a field test, then nitrocellulose membrane must not be used as a 
carrier matrix and any other type of membrane should be used instead. 
 
(7)  If nitrocellulose membrane is to be used as a carrier matrix in a test strip 
intended for field use, then TMB chromogen should not be used and another 
insoluble chromogenic substrate should be used instead.  
 
(8) Commercial test strips adopting TMB as a chromogenic substrate and 
nitrocellulose membrane as a carrier matrix (including the sensitive version 
of this new design) must not be performed and evaluated under field 
conditions (under direct sun light). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
186
Appendix (1) 
The general-purpose chemicals used in this study: 
 
(1) 8-Anilino-1-Naphthaline-Sulphonic acid (ANS) ammonium salt, from  
          Sigma Chemical Company, Product. No. A-3125, lot No. 84F-0846. 
(2) Ascorbic acid from Baker (USA), Cat. No. 0936-07. Lot No. J08775. 
(3) 2,2'-azino-bis(3-ethyl-benzthiazoline-6-sulfonic acid), Diammonium salt,  
          from Sigma Chemical Company, product No A-1888, lot No 47H1247. 
(4) Boric acid from Sigma-Aldrich product No. B7660, Lot No. 35H2345. 
(5) Citric acid monohydrate A.R. from NenTech Ltd. U.K., Cat. No. 
             01525 Lot No. 14628  
(6) Dimethyl sulphoxide (DMS, A. R.) from NenTech Ltd. U.K., Lot No.  
          14322/A.   
(7) Dioctylsulphosuccinate, sodium salt from Sigma Chemical Company,  
          Product No. D 0885, Lot No. 121K2500. 
(8) Di-sodium hydrogen phosphate from BDH Cat. No. 301584L, Lot No. 
           K24598280 811.  
(9) Dextran sulphate, sodium salt, from Sigma Chemical Company, Product  
           No. D-4911, Lot No 042K1209. 
(10) Ethanol pure (Absolute alcohol) from Hayman Limited, England. Cat. 
             No. UN 1170. 
(11) β-D(+)-glucose from Sigma Chemical Company, Product. No. G-5250, 
          Lot No. 76H0567 
(12) Hydrogen peroxide (30%) from Aldrich, Cat. No. 21,676-3. Lot No. 
          40527007.  
(13) Methanol (HPLC grade), from Sigma-Aldrich, Product. No. 27047-4, Lot 
          No. 50728017. 
(14) N,N-dimethylformamide (DMF) from Sigma Chemical Company, 
          Product. No. D-4254, lot No. 35H1371. 
(15) Potassium dihydrogen orthophosphate (KH2PO4) anhydrous, from Sigma  
          Chemical Company, Product No. P-5379, Lot No. 66H1182.   
(16) Potassium chloride from Loba Chemie, India, Art No. 5339, Batch No. 
          V-0246/2. 
(17) Potassium dihydrogen citrate (Citric acid monopotassium salt) from  
          Fluka chemie GmbH, Germany, Cat. No. 60214, lot No 1108251.   
(18) Potassium phosphate (Monobasic Anhydrous) from Sigma Chemical 
          Company, Product No. P-5379, Lot No. 66H1182.  
(19) ProClin 300 from Rohm and Haas, Croydon, England, Cat. No. 3324,  
          Lot. No. LB10505.  
(20) Protein A from Sigma Chemical Company, Product No. P6031, Lot. 
          No.22A4565. 
(21) Sodium dihydrogen phosphate (Dihydrate) from NenTech Ltd. U. K. Cat. 
           No. 6830A. Lot No. 14067/A.  
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(22) Sodium carbonate (anhydrous A. R.) from NenTech Ltd. U.K. Lot No.  
          14475. 
(23) Sodium bicarbonate (A. R.) from NenTech Ltd. U. K., Cat. No. 6920A,  
          Lot No., 14973/A. 
(24) Sodium Acetate (anhydrous, A. R.) from NenTech Ltd, U.K., Lot No. 
          14442. 
(25) Sodium chloride (A. R.) from NenTech Ltd, U.K., Cat No. 06755, Lot 
          No. 14302. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
